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Abstract 
The past decades have seen a renewed interest in timber research related topics. As 
instance, timber engineering is not only confined to the design of new construction with 
innovative wood based products, but also an increasing awareness for the preservation of 
existing timber structures is visible in nowadays society. Therefore, arises the need for a 
better understanding of timber performance as a construction material aiming at a better 
safety assessment of existing timber structures and possible necessary actions to maintain 
their integrity. 
It is important to provide methods and tools to assess the safety level of existing 
timber structures by describing and evaluating each of its components. However, timber is 
a rather complex material and its mechanical properties present large variation within and 
between elements of the same structure. In that scope, this work was proposed regarding 
the assessment of existing timber elements with the purpose of establishing a methodology 
for structural safety evaluation. To that aim, initially a multi-scale experimental campaign 
was made regarding 20 timber chestnut (Castanea sativa Mill.) beams taken from an old 
building's floor. After, the database resulting from that experimental campaign allowed for 
the correlation between mechanical properties of timber between and within elements and 
in different size scales. 
In a second phase, the results of non-destructive tests and local mechanical sampling 
are used to predict and infer about reference key properties of timber. The results of visual 
grading and local bending tests were used to predict the global stiffness of a structural size 
element. Random sampling was also taken into account in the prediction models. 
Moreover, the use of Bayesian methods was considered to update the mechanical 
properties of timber based on non-destructive tests and different levels of belief. Posterior 
distributions for bending stiffness and strength were also obtained, through use of Bayesian 
Probabilistic Networks with different combinations of prior information. The proposed 
networks consider information from different size scales and results from different types of 
tests. Example cases were considered to illustrate the different methods and to demonstrate 
their applicability and value in the context of safety evaluation. 
The main outcomes of the present work are related to the prediction and inference of 
reference properties of timber, using a hierarchical model that combines information from 
visual grading and non-destructive testing with local mechanic testing information, 
attending to possible onsite conditions and available data. 
The work presented in this thesis was carried out at the Civil Engineering 
Department of University of Minho, Portugal. 
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Resumo 
As últimas décadas presenciaram um interesse renovado da investigação em diversas áreas 
da construção em madeira. Por exemplo, em engenharia, a investigação não é restrita à 
construção nova recorrendo aos mais recentes derivados de madeira, como também se 
verifica na sociedade atual uma crescente consciencialização para a preservação de 
estruturas existentes em madeira. Assim, surge a necessidade de uma melhor compreensão 
do desempenho da madeira como material de construção, visando uma melhor avaliação de 
segurança das estruturas existentes para uma adequada previsão das consequentes ações de 
manutenção necessárias à sua integridade estrutural. 
Dessa forma, é de extrema importância disponibilizar métodos e ferramentas que 
permitam aferir o nível de segurança de estruturas existentes em madeira através da 
avaliação de cada componente. No entanto, a madeira é um material complexo, cujas 
propriedades apresentam grande variabilidade tanto entre elementos como ao nível do 
próprio elemento. Nesse âmbito, este trabalho foi proposto para definir uma metodologia 
de avaliação de segurança para estruturas existentes de madeira. Inicialmente, apresenta-se 
uma campanha experimental com base em 20 vigas de piso em castanho (Castanea sativa 
Mill.) retiradas de um edifício antigo em remodelação. Posteriormente, a base de dados 
obtida nessa campanha experimental permitiu a realização de correlações entre diversas 
propriedades mecânicas da madeira entre elementos e em diferentes escalas dimensionais. 
Numa fase seguinte, os resultados de ensaios não destrutivos e de testes a pequenas 
amostras são utilizados na previsão e inferência de propriedades de referência da madeira. 
Os resultados de classificação visual e de ensaios de flexão localizados são utilizados na 
previsão do módulo de elasticidade de um elemento estrutural. Os modelos de previsão 
consideram também a amostragem aleatória de dados. Para além disso, foram considerados 
métodos Bayesianos na atualização das propriedades mecânicas, através de informação de 
ensaios não destrutivos com diferentes níveis de confiança. A utilização de redes 
probabilísticas Bayesianas permitiu também a obtenção de distribuições posteriores para a 
resistência e rigidez à flexão considerando diferentes combinações de informação. As redes 
propostas consideram informação proveniente de diferentes escalas dimensionais e de 
resultados de ensaios. Os diferentes métodos são apresentados através de exemplos por 
forma a evidenciar a sua potencialidade de uso no contexto da verificação de segurança. 
Os principais resultados deste trabalho são a previsão e inferência de propriedades de 
referência de madeira, utilizando para esse efeito um modelo hierárquico que combina 
classificação visual e ensaios não-destrutivos com informação de ensaios mecânicos, 
atendendo a possíveis dados disponíveis e condições no local da estrutura. 
O presente trabalho foi realizado no Departamento de Engenharia Civil da 
Universidade do Minho, Portugal.  
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Nomenclature 
 
Latin upper case letters: 
A - area 
Ad - ratio of minimal knot diameters 
ANOVA - analysis of variance 
CC - consequence classes 
CDF - cumulative density function 
COV - coefficient of variation 
CWS - clear wood section 
D - maximum knot diameter 
DT - destructive test 
E - expected value 
E0,mean - mean value MOE parallel to 
grain 
E0,05 - characteristic value MOE parallel 
to grain 
E90,mean - mean value MOE perpendicular 
to grain 
Ec,0 - modulus of elasticity in 
compression parallel to grain 
Edin - dynamic modulus of elasticity 
Em - modulus of elasticity 
Em,g - global bending MOE 
Em,l - local bending MOE 
Et,0 - modulus of elasticity in tension 
parallel to grain 
Fest - estimated load 
Fmax - maximum load 
FORM - first order reliability methods 
G - permanent load 
Gk - characteristic value for permanent 
load 
GTM - global test methods 
Gv - shear modulus 
H - stochastic variable with h ( ) 
I - inertia moment 
KV - coefficient of volumetric shrinkage 
K - species proportionality constant 
LTM - local test methods 
M1,2 - models 
MC - moisture content 
Mi - safety margin 
MLE - maximum likelihood estimates 
MM - method of moments 
MOE - modulus of elasticity 
NC - non-classifiable 
NDT - non-destructive test 
PDF - probability density function 
PMC - probabilistic model code 
Q - variable load 
Q1,2... - quartiles 
Qk - characteristic value for variable load 
R - resistance function 
RC - reliability classes 
RD - relative difference 
RM - drilling resistance measure 
RP - drilling reducing parameter 
S - load effect function 
SDT - semi-destructive test 
V - volume 
VI - visual inspection 
Wd - ratio of minimal knot diameters 
W - section modulus 
W∆ - deflection 
WK - weak section 
X - stochastic variable 
Xd - design value of material property 
Xk - characteristic value of material 
property 
 
 
Latin lower case letters: 
a - distance between a loading position 
and the nearest support 
aW - scale factor 
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b - width 
bW - location factor 
c1,2... - constants 
cor - correlation 
d - minimal knot diameter 
dw - wave path length 
fc,0 - compressive strength parallel to 
grain 
fc,0,k - characteristic compressive strength 
parallel to grain 
fc,90,k - characteristic compressive strength 
perpendicular to grain 
fm - bending strength 
fm,0 - bending moment capacity 
fm,k - characteristic bending strength 
fN ( ) - likelihood function 
fQ′ ( ) - prior density function 
fQ′' ( )  - posterior density function 
ft,0 - tension strength parallel to grain 
ft,0,k - characteristic tension strength 
parallel to grain 
ft,90,k - characteristic tension strength 
perpendicular to grain 
fv,k - characteristic shear strength 
fX ( ) - density function 
g - limit state equation 
gi ( ) - failure function 
h - height 
h ( ) - event function 
k - dispersion constant 
k1 - partial safety modification factor 
ka - aging modification factor 
kclimate - parameter of climate conditions 
kcon - conservation modification factor 
kdef - stiffness modification factor 
kh - size factor 
kmod - strength modification factor 
ks - shape factor 
ksize - size factor for DT 
kwood - parameter of timber durability 
class 
l - length 
l1 - gauge length 
m - sample mean 
m' - prior function hypothetical sample 
average 
m'' - posterior function hypothetical 
sample average 
m1,2... - mass 
mI,II... - test measurements 
n - number of tests 
n' - prior function hypothetical number of 
observations for m' 
n'' - posterior function hypothetical 
number of observations for m' 
pf  - probability of failure 
pfP - probability of failure of a parallel 
system 
pfS - probability of failure of a series 
system 
q - vector of distribution parameters 
r - penetration rate 
r
2
 - coefficient of determination 
rk - characteristic resistance 
s - sample standard deviation 
s' - prior function hypothetical sample 
value 
s'' - posterior function hypothetical 
sample value 
sG,k - characteristic permanent load effect 
si ( ) - stress component 
spi - allowable stress 
sQ,k - characteristic variable load effect 
sui - ultimate stress 
sw - ratio of wane 
t - time 
tν'' - central t-distribution value 
tk - sum of minimal knot diameters 
tlag - time between construction and the 
point that noticeable decay 
commences 
v' - prior function hypothetical number of 
degree of freedom for s' 
v'' - posterior function hypothetical 
number of degree of freedom for s' 
vp - propagation velocity 
xˆ  - sample of realizations 
zd - design value 
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Greek upper case letters: 
∆F - load increment 
∆w - deformation increment 
Φ - standard normal distribution function 
ϑ - bending test constant 
ψ2 - factor for quasi-permanent value of a 
variable action 
ψg - generic structure point 
 
 
Greek lower case letters: 
α - factor for modelling the fraction of 
variable and permanent load 
αclass - reduction factor for VI classes 
αi - regression parameter 
β - reliability index 
χ - normal distributed variable 
δL - allowable deflection limit 
γG - partial safety factor for permanent 
loads 
γM - partial safety factor for material 
properties 
γR - partial safety factor for resistance 
γQ - partial safety factor for variable loads 
ε - lack-of-fit 
φr - safety factor 
λ - failure rate 
λrel - slenderness ratio 
µ - mean value 
µdepth - average of pin penetration tests 
µDT - average of destructive tests 
µEdin - average of ultrasound tests 
µRM  - average of resistance drilling tests 
σ - standard deviation 
σ1,2... - stresses 
ρ - density 
τ - perimetral loss of cross section 
υ - unknown logarithm of mean strength 
ϖ - normal distributed variable 
 
  
xix 
 
 
 
 
List of Figures 
 
1.1 Chestnut tree ................................................................................................................. 5 
1.2 Schematic overview of the thesis' chapters .................................................................. 8 
2.1 Relationship between evaluation technique and expected level of information 
(adapted from Kasal, 2010) ........................................................................................ 11 
2.2 Steps required for the assessment and planning of interventions in historic 
timber structures (adapted from Cruz et al., 2013) .................................................... 14 
2.3 Example of common visually assessable timber defects and pathologies ................. 15 
2.4 Pin penetration tests .................................................................................................... 19 
2.5 Drilling resistance tests .............................................................................................. 21 
2.6 Ultrasonic measurements ........................................................................................... 23 
2.7 Current factors used to define the mechanical performance of timber elements 
onsite (adapted from Machado et al., 2011) ............................................................... 31 
2.8 Structural reliability basic problem and safety margin distribution (adapted 
from Schneider, 1997) ................................................................................................ 33 
2.9 Different scales of modelling of timber material properties (adapted from 
Köhler, 2007) .............................................................................................................. 37 
2.10 Bending strength of a timber beam (adapted from Riberholt and Madsen, 1979 
and Köhler, 2007) ....................................................................................................... 38 
2.11 Section model for the longitudinal variation of bending strength (adapted from 
Isaksson, 1999 and JCSS, 2006) ................................................................................ 39 
2.12 Bayesian probabilistic assessment for structures (adapted from 
Diamantidis, 2001) ..................................................................................................... 43 
3.1 Original location of the timber beams ........................................................................ 50 
3.2 Testing phases and results obtained for each scale .................................................... 51 
3.3 Flowchart of the visual inspection methodology applied in the 
experimental campaign ............................................................................................... 53 
3.4 Testing mesh of the pin penetration measurements for two consecutive segments ... 54 
3.5 Location of ultrasound tests in indirect measurements .............................................. 55 
3.6 Location for the sequential bending tests ................................................................... 57 
3.7 Test sample for compression parallel to the grain ...................................................... 57 
3.8 Location of tension parallel to grain sample extraction ............................................. 58 
3.9 Test sample for tension parallel to the grain .............................................................. 58 
3.10 Measurement of the cross section dimensions ........................................................... 60 
3.11 Examples of defects and anomalies found in the wood elements .............................. 60 
3.12 Percentage distribution of segments of old beams included in each visual  
grading class regarding UNI 11119 (UNI, 2004) ....................................................... 61 
xx  
 
 
3.13 Sawn beams and example of inspected defects .......................................................... 62 
3.14 Percentage distribution of segments of sawn beams included in each visual 
grading class regarding UNI 11119 (UNI, 2004) ....................................................... 63 
3.15 Distribution of propagation velocities values with respect to relative difference 
between measurements ............................................................................................... 64 
3.16 Loading procedure for the calculation of Em,l and Em,g (cycle 2 to 4) and 
fm (cycle 5) .................................................................................................................. 65 
3.17 Sawn beams bending tests in elastic regime ............................................................... 66 
3.18 Bending tests until failure of beams H, L, P and T .................................................... 67 
3.19 Development of the failure mechanism for sawn beams subjected to 
bending tests ............................................................................................................... 68 
3.20 Sawn boards location within an original sawn beam with representation of 
defect division by boards ............................................................................................ 68 
3.21 Percentage distribution of segments of sawn boards included in each visual 
grading class regarding UNI 11119 (UNI, 2004) ....................................................... 69 
3.22 Propagation velocity, vp, for indirect measurements along the length of the 
bottom face of each board and segment of beam J ..................................................... 70 
3.23 Correlation of measurements of penetration impact tests between bottom and 
lateral faces ................................................................................................................. 71 
3.24 Bending tests procedure and setup ............................................................................. 72 
3.25 Sawn boards bending tests in elastic regime .............................................................. 73 
3.26 Modulus of elasticity along the length of each board and segment of beam J ........... 74 
3.27 Sawn boards bending tests in failure .......................................................................... 75 
3.28 Correlation of fm of boards with MOE ....................................................................... 76 
3.29 Test sample for compression parallel to the grain in ultrasound testing .................... 76 
3.30 Velocity of propagation for indirect and direct measurements in compression 
parallel to the grain specimens ................................................................................... 77 
3.31 Test sample for compression parallel to the grain: photograph and schematic 
of test and set up ......................................................................................................... 78 
3.32 Types of compression failure modes .......................................................................... 78 
3.33 Load/displacements curves for different compression failure modes ........................ 79 
3.34 Correlation between compression parallel to grain mechanical properties and 
propagation velocity ................................................................................................... 79 
3.35 Indirect ultrasound of tension parallel to grain test samples ...................................... 80 
3.36 Velocity of propagation for indirect and direct measurements in tension parallel 
to the grain specimens ................................................................................................ 81 
3.37 Test sample for tension parallel to the grain: photograph and schematic of test 
and set up .................................................................................................................... 81 
3.38 Types of failure modes in tension parallel to grain .................................................... 82 
3.39 Envelope load/displacement curves for tension parallel to grain tests for 
different failure modes ................................................................................................ 84 
3.40 Correlation between Et,0 and ft,0 with consideration of different failure modes ......... 85 
3.41 Correlation between vp and ft,0 .................................................................................... 85 
3.42 Test samples for density and moisture content determination ................................... 86 
xxi 
 
 
 
3.43 Percentage distribution of segments included in each visual grading class 
according to UNI 11119 (UNI, 2004) for the entire sample ...................................... 88 
4.1 Definition of scales for sample differentiation with respect to origin and size .......... 93 
4.2 Dispersion of the COV of propagation velocity in different element scales .............. 96 
4.3 Box plot for penetration impact depth in old beams .................................................. 98 
4.4 Box plot for tests made on sawn beams ..................................................................... 99 
4.5 Box plot for tests made on sawn boards ................................................................... 100 
4.6 Box plot for tests made on compression parallel to grain specimens ...................... 101 
4.7 Box plot for tests made on tension parallel to grain specimens ............................... 102 
4.8 Box plot for tests made on small clear specimens .................................................... 103 
4.9 Correlation between Em,l and Em,g ............................................................................. 105 
4.10 Correlation of Em,l between Phases 2 and 3.............................................................. 106 
4.11 Correlation of Em,l between Phases 2 and 3 in l1 region ........................................... 107 
4.12 Correlation of Em,g between Phases 2 and 3 ............................................................. 107 
4.13 Correlation between bending tests in Phases 2 and 3 for the results only in 
the bottom board ....................................................................................................... 108 
4.14 Correlation between measurements of propagation velocity, vp, for 
sawn beams ............................................................................................................... 109 
4.15 Correlation between mean of total measurements of propagation velocity, vp, 
for each sawn beam and group of sawn boards ........................................................ 109
 
4.16 Correlation between propagation velocity ............................................................... 110 
4.17 Differentiation by groups and correlation of propagation velocity .......................... 111 
4.18 Correlation between measurements in sawn boards of propagation velocity .......... 112 
4.19 Correlation between measurements in sawn boards of propagation velocity .......... 112 
4.20 Correlation between compression parallel to grain mechanical properties 
and propagation velocity .......................................................................................... 113 
4.21 Correlation between vp and Et,0 ................................................................................ 113 
4.22 Correlation between vp and Et,0 with consideration of different failure modes ........ 114 
4.23 Correlation between parallel to grain mechanical properties and propagation 
velocity in mean/total scale ...................................................................................... 114 
4.24 Correlation between Em in Phase 1 and Ec,0 for mean/total scale ............................. 115 
4.25 Correlation between Em in Phase 2 and Ec,0 for mean/L-C-R scale ......................... 116 
4.26 Correlation between Em in Phase 2 and Ec,0 for mean/total scale ............................. 116 
4.27 Correlation between Em in Phase 1 and Et,0 for mean/total scale ............................. 117 
4.28 Correlation between Em in Phase 2 and Et,0 for mean/L-C-R scale .......................... 118 
4.29 Correlation between Em in Phase 2 and Et,0 for mean/total scale ............................. 118 
4.30 Correlation between Ec,0 and fc,0 in Phase 4 .............................................................. 119 
4.31 Correlation between Et,0 and ft,0 in Phase 4............................................................... 120 
5.1 Correlation between bending tests in Phases 2 and 3 ............................................... 129 
5.2 Correlation between bending MOE with percentage of segments in different 
visual grading ........................................................................................................... 130 
xxii  
 
 
5.3 Frequency distribution and statistical parameters for Em,g of beams and Em,l 
of boards' segments differentiated by visual inspection classes ............................... 131 
5.4 Correlation between experimental Em,g of beams with the predicted value 
taken from a multiple regression of sawn boards Em,l .............................................. 132 
5.5 Location of the sawn boards in a moment induced stress diagram in a sawn 
beam section ............................................................................................................. 133 
5.6 Correlation between experimental Em,g of structural beams (B_Em,g) and 
mean Em,l of the segments in the bottom sawn boards graded as class I .................. 133 
5.7 Correlation between experimental Em,g of structural beams (B_Em,g) and weighted 
Em,l by visual inspection grading of the segments in the bottom sawn boards ......... 134 
5.8 Models used for assembling the Em,l of sawn boards segments for comparison 
with Em,g in the beams bending tests ........................................................................ 135 
5.9 Correlation between experimental Em,g of structural beams (B_ Em,g) and Em,g, 
with use of boards' Em,l ............................................................................................. 136 
5.10 Correlation between experimental Em,g of structural beams (B_ Em,g) and Em,g, 
with use of boards' Em,g............................................................................................. 137 
5.11 Implemented procedure for obtaining sets of random variable samples of 
segments in different visual classes for Em,g prediction by models M1 and M2 ...... 138 
5.12 Correlation between experimental Em,g of beams with random generated 
sets of Em,l in segments according to the visual inspection ...................................... 138 
5.13 Correlation between experimental Em,g of beams with random generated sets of 
Em,l in segments with visual class I and reduction factors for the other classes ....... 139 
6.1 Flowchart of decision process accounting new information .................................... 145 
6.2 Correlation information between fc,0 and NDT results for chestnut wood 
(adapted from Feio et al., 2007) ............................................................................... 147 
6.3 Single supported beam.............................................................................................. 148 
6.4 Bottom clamped column ........................................................................................... 149 
6.5 Reliability index with reference time one year for the simply supported 
beam with respect to design assessment with Eurocode 5 (CEN, 2004) .................. 150 
6.6 Reliability index with reference time one year for the simply supported beam 
with respect to design assessment with Eurocode 5 (CEN, 2004) and assessment 
of a case study using the PMC (JCSS, 2006) ........................................................... 151 
6.7 Resistance and demand distribution for the simply supported beam for the case 
study using the PMC (JCSS, 2006) .......................................................................... 152 
6.8 Reliability indices evolution through time using deterioration models (Lourenço 
et al., 2013; Leicester et al., 2009) for different climatic zones ............................... 152 
6.9 Example of the resistance distribution functions for the decay models in the 
simply supported beam, after 50 years ..................................................................... 153 
6.10 Resistance distributions for the simply supported beam before and after updating, 
according to decay evolution .................................................................................... 155 
6.11 Reliability indices evolution through time with updating, using deterioration 
model in (Leicester et al., 2009) ............................................................................... 155 
6.12 Annual reliability index with reference time one year for the column element ....... 157 
xxiii 
 
 
 
6.13 Annual reliability index of reference models and updated models obtained by 
NDT data  ................................................................................................................. 158 
6.14 Resistance and demand distributions for the column for reference models (no 
updated) and models updated by NDT ..................................................................... 159 
6.15 Structural model of a planar timber truss with segments' numeration and 
applied loading ......................................................................................................... 160 
6.16 Annual reliability index with respect to perimetral loss of cross section for the 
limit state conditions: buckling; tension; compression ............................................ 163 
6.17 Resistance and demand distributions (buckling limit state) for element 9 of the 
truss for D50 design and model updated by pin penetration test data ...................... 163 
7.1 Percentage distribution of boards visual grading given the visual grade in beams .. 167 
7.2 Simplified converging BPN model, for experimental data validation in the 
inference of MOE in bending ................................................................................... 168 
7.3 Cumulative frequency results for local and global MOE in bending obtained 
from the converging BPN with evidence in scale and visual inspection ................. 169 
7.4 Converging BPN model with two nodes for different size scales in visual 
grading, for inferring the MOE in bending .............................................................. 170 
7.5 Cumulative frequency results for Em,g in beams with different evidence in visual 
inspection of boards and information about visual inspection of beams ................. 171 
7.6 Cumulative frequency results for Em,l in boards with different evidence in visual 
inspection of beams and information about visual inspection of boards ................. 172 
7.7 BPN model with series connection in visual grading of different size scales, for 
inferring the MOE in bending .................................................................................. 173 
7.8 Cumulative frequency results for Em,l in boards and Em,g in beams with evidence .. 175 
7.9 Cumulative frequency results for Em,l in boards and Em,g in beams with evidence .. 176 
7.10 Hierarchical BPN to infer about global MOE in bending of structural size 
members by prior localized information in smaller size elements ........................... 177 
7.11 Cumulative frequency results for global MOE in bending for beams obtained 
with evidence in Em,l_b results and beams' visual grade ............................................ 178 
7.12 Evolution of cumulative frequency results with evidence in VIb, throughout 
increasing of prior Em,l_b ........................................................................................... 179 
7.13 Cumulative frequency results for global MOE in bending for beams obtained 
with evidence in Em,l_b results and for boards' visual grade I ................................... 180 
7.14 Simplified converging BPN model to infer about bending strength in local 
segments  ................................................................................................................. 182 
7.15 Cumulative frequency results in board scale, obtained with different 
evidences in VIb ........................................................................................................ 183 
7.16 Reliability indices for different levels of prior information ..................................... 185 
A.1 Variation of the characteristic value for resistance with number of test pieces ....... 215 
A.2 Results for multi-parameter analysis regarding characteristic resistance Rk versus 
number of test samples n .......................................................................................... 216 
F.1 Progress of decay (adapted from Leicester, 2001) ................................................... 232 
xxiv  
 
 
 
List of Tables 
 
2.1 Testing methods for evaluation of timber ................................................................... 11 
2.2 Grading rules for structural timber members in an onsite diagnosis as considered 
in UNI 11119 (UNI, 2004) ......................................................................................... 16 
2.3 Mechanical properties regarding the application of UNI 11119 (UNI, 2004), 
for 12% moisture content ........................................................................................... 16 
2.4 Grading rules for visual inspection of hardwoods by application of 
UNI 11035-2 (UNI, 2003b) ........................................................................................ 17 
2.5 Mechanical properties in the application of the UNI 11035-1 (UNI, 2003a), 
for different species hardwoods .................................................................................. 18 
2.6 Variability of properties of small clear wood specimens (Burley et al., 2004) .......... 25 
2.7 Relation between β and pf .......................................................................................... 34 
2.8 Definition of consequences classes (adapted from CEN, 2002) ................................ 35 
2.9 Recommended minimum values for reliability index β for ultimate limit 
states (adapted from CEN, 2002) ............................................................................... 35 
3.1 Results of Et,0 and ft,0 from tension parallel to the grain tests attending to 
different failure modes ................................................................................................ 83 
4.1 Coefficients of variation (%) for the different tests made in Phases 1 to 3 ................ 94 
4.2 Coefficients of variation (%) for the different tests made in Phase 4......................... 95 
4.3 Difference (in absolute value) between percentages of segments found in a 
given strength class ..................................................................................................... 95 
4.4 Em,l and Em,g according to differentiation between visual inspection classes ............. 96 
4.5 Correlation between NDT, depth (mm), RM (bit), and Em (N/mm2) in Phase 3. ..... 114 
4.6 Qualitative analysis of the fitting to different probability distributions of 
Em,l of sawn boards regarding its visual class ........................................................... 122 
4.7 Qualitative analysis of the fitting to different probability distributions of 
Em,g of sawn boards regarding its visual class .......................................................... 122 
4.8 Maximum likelihood estimates for Em,l and Em,g of sawn boards, divided by 
visual classes............................................................................................................. 122 
5.1 Percentage error, % error, and coefficient of determination, r2, for the results of 
MOE in different test phases and for the diverse prediction models considered ..... 140 
6.1 Regression parameters and lack-of-fit standard deviation for the NDT results 
as a dependency of the compression strength fc,0 ..................................................... 148 
6.2 Variables used in the stochastic model for a simply supported beam 
(JCSS, 2006) ............................................................................................................. 151 
xxv 
 
 
 
6.3 Sample of penetration rates derived from resistance drilling tests ........................... 153 
6.4 Variables used in the stochastic model for a column example ................................. 158 
6.5 Reliability indices for each element of the truss structure with probability 
of failure in brackets ................................................................................................. 161 
7.1 Mean and characteristic values for different evidences in the hierarchical 
BPN for infer in Em,g_B ............................................................................................. 181 
7.2 Mean and characteristic values for different evidences in the BPN for 
infer in fm_B ............................................................................................................... 184 
7.3 Reliability indices for different levels of prior information and percentage 
difference of the design value .................................................................................. 187 
B.1 Definition of scales for correlation analysis ............................................................. 219 
D.1 Maximum likelihood estimates for Em,l of sawn beams ........................................... 225 
D.2 Maximum likelihood estimates for Em,g of sawn beams .......................................... 225 
D.3 Maximum likelihood estimates for Em,l of sawn boards .......................................... 226 
D.4 Maximum likelihood estimates for Em,g of sawn boards .......................................... 226 
E.1 χ2 goodness-of-fit tests for the experimental MOE of sawn boards sample 
data with respect to different probabilistic functions (α = 2.5%) ............................ 228 
E.2 χ2 goodness-of-fit tests for the experimental Em,l of sawn boards sample data 
divided into different visual inspection classes, with respect to different 
probabilistic functions (α = 2.5%) ........................................................................... 229 
E.3 χ2 goodness-of-fit tests for the experimental Em,g of sawn boards sample data 
divided into different visual inspection classes, with respect to different 
probabilistic functions (α = 2.5%) ........................................................................... 230 
 
 
  
xxvi  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  This page intentionally left blank 
 
  
1 
 
 
 
 
 
 
 
Chapter 1 
Introduction 
 
 
ABSTRACT: Presently, a manifold of research topics are found on the context of wood 
based products and timber engineering. Timber has been used as a construction material 
for several centuries by different civilizations, with numerous examples of structures which 
are still standing. In these cases, it is of utmost importance to provide methods and tools to 
assess the safety level of existing timber structures by describing and evaluating each of its 
components. However, timber is a rather complex material and its mechanical properties 
present large variation within and between elements of the same structure. 
In that scope, this work is proposed regarding the assessment of existing timber 
elements with the purpose of establishing a methodology for structural safety evaluation. 
This introductory chapter further explains this research interest and its scope, by providing 
an insight to the aim and objectives of the present work. The specific area of research and 
limitations of the work are also delineated attending to the objectives. Moreover, for better 
understanding of the interaction between chapters, an outline and overview of the work is 
described and schematically presented. 
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1.1 Research in timber structures 
The use of timber as a construction material goes back to when the Human species first 
started to employ tools and even farther. Timber structures have evolved through time as 
the Human race necessity grew and also the expertise and knowledge about the material 
and the interaction between elements in different structural types increased. One may only 
speculate how the first timber constructions were erected but, as many of mankind 
accomplishments, they might have been fruit of a trial and error procedure that was 
eventually improved and refined. Then, the expertise and knowledge was passed from 
generation to generation, making possible new techniques and bolder solutions. 
Nowadays, research topics on timber structures are immense, spreading to a broad 
variety of themes ranging from the microscopic characterization of wood's constituents to 
the safety analysis of large complex structures. New building techniques and innovative 
wood based materials are now available, allowing for the construction of timber structures 
which until now were unfeasible. 
Despite all achievements and developments seen in the past decades regarding new 
timber constructions, existing timber structures are still an important object of research, 
specially taking into account the valuable historical contribution that some pose in the 
social and cultural tapestry of ancient and present civilizations. Notwithstanding all 
available historical documents and knowledge that was transmitted throughout generations 
of wood crafters, carpenters, engineers and architects, many aspects, such as some 
prerequisites  for material selection, building techniques and design methods were lost and 
thus the complete understanding of these structures is still to be reached. Furthermore, 
considering a safety assessment, aging and often degradation of timber members that 
compose these structures must also be considered, resulting in much more complex process 
than for new constructions. This unequivocally opens a door for multiple research topics in 
the context of existing timber structures. 
Timber constructions have an important significance in the cultural, architectural and 
historical heritage in Europe, from which Portugal cannot be excluded. Among the 
numerous cases of Portuguese architectural heritage, timber has been used for several 
purposes in many different construction types. It often appears as partial constructive 
element (particularly in roof structures, floors and walls) and occasionally as integral 
constructive element. The use of timber, in its various forms, differs from North to South 
concerning the type of building, the constructive methodologies and mainly the wood 
species available on the region. 
 
1.2 Scope of work 
Despite all the advantages of timber as a construction material, its full mechanical 
characterization is rather complex, since it is an anisotropic material and therefore its 
properties are dependent of grain direction. As mentioned by Dinwoodie (1989), variability 
Introduction 3 
 
 
 
in wood is one of its characteristic deficiencies as a material. Differences in structure and 
hence performance occur not only between different species of timber but also between 
trees of the same species growing in different environments, or between different parts of a 
single tree. For instance, the material properties of a timber member vary both in different 
parts of the same cross section, as well as along the element itself. Moreover, its properties 
also vary not only in space, but also in time, as aging or degradation phenomena may take 
place. However, granted that, concerning a given purpose or function and required 
durability, the proper wood species is selected and correct construction techniques are 
applied, it provides a good mechanical behaviour and durability associated to an efficient 
relation between resistance and density. 
The large material variability of timber inevitably resulted that design of timber 
structures has always to a large degree been based on experience and subjective 
engineering judgment, having, more than often, led to conservative solutions. One of the 
consequences of that premise, is that safety evaluation of timber structures, either 
assessment of existing structures or at the design of new ones, is much more complex than 
for other material evidencing less variability. Moreover, in several countries, prejudices 
persist against timber structures, based on the assumptions that they have a brittle failure 
behaviour, are vulnerable to fire, and dependent on unreliable workmanship and unknown 
quality, which often are not supported by scientific evidence. Many other myths arise 
regarding the performance of timber structures as mentioned in Machado et al. (2003b), 
which can only be diminished by the use of certified specifications and standards based on 
empirical proof. To that extent, the role of research on timber structures has been to 
develop efficient procedures to assess and predict the mechanical properties of timber 
members, either onsite or based on the strength grading of materials prior to construction. 
At the present state of knowledge, due to several research projects, rational design 
rules, based on a detailed material description validated by comparison with a significant 
number of empirical results are made available to a timber construction designer. However, 
safety assessment of existing structures and characterization of traditional wooden building 
techniques remain a true challenge. 
When dealing with existing timber structures, the structural safety assessment and 
evaluation of each component, either the member themselves or the connections, and the 
system reliability must be determined according to the present conditions of the structure. 
On the other hand, maintenance plans, or when necessary repair or strengthening actions, 
must be considered attending to the lifecycle evaluation of the structure based on its 
predicted durability and vulnerability to exterior actions. 
As it may be concluded by this reality of various research topics in timber structures, 
either at a component or at a system level, the demand for an assessment of existing timber 
structures comprises several fields of knowledge, each one providing its own piece of 
information aiming at a better and more complete answer. To address the different 
influences from these sources of information it is of utmost interest to experimentally study 
the behaviour of large-scale timber specimens, but even more to predict its behaviour from 
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small specimens. This premise arises from the condition that often it is not possible to 
experimentally evaluate full scale structures or members due to onsite conditions, social or 
cultural restrictions or even economic impediments. Therefore, inspection and evaluation 
of the onsite structural properties, often by use of visual grading and non-destructive 
testing, represent an important step to the assessment of existing timber structures and 
perform a significant role in their analysis, diagnosis and conservation. To that aim, the 
conception and implementation of methodologies for safety assessment of existing timber 
structures are needed, in particular through the analysis of small scale specimens aided by 
the information of visual grading and non-destructive testing. 
 
1.3 Objectives and limitations 
The objective of this work is to provide an insight of different methods for the assessment 
of the mechanical properties of members in existing timber structures. These methods are 
to be conceived based on different sources of information and different size scales, and 
therefore, a hierarchical modelling for inference on the reference properties is adopted. 
The proposed models have to consider the introduction of new information and its 
consequent updating. By this procedure it is intended to have a more reliable and informed 
tool for the decision making process, regarding possible interventions or maintenance in 
timber members. 
The study is limited to the inference and assessment of the mechanical properties at 
the member scale. As the mechanical properties are to be assessed along each timber 
members as individual components, the mechanical characterization and modelling of 
timber joints was outside the scope of this work. 
The assessment of existing timber members also comprises the evaluation of 
deterioration (damage or decay) which in the present work will be assessed by reduction of 
the members' geometry, in order to obtain a residual cross section. Decay is considered by 
the models found in literature, since it is an usually slow phenomena, and thus 
development of these models requires monitoring data from a considerable long time, 
which was not compatible with the timeline of this work. 
For the development of this work, chestnut (Castanea sativa Mill.) old timber beams 
were considered, as it is a commonly used species for construction purposes in North of 
Portugal, in the past. The experimental campaign was limited to 20 elements with more 
than 100 years of age in the construction site. The limited number regards the low 
availability of members with this age for destructive mechanical testing. 
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1.4 Chestnut timber as a structural material
Chestnut wood is one of the most common species found in Portuguese historical timber 
structures. Its natural durability has long been appreciated and thus its use was 
structures with social and cultural importance, however it is also found in
of dwellings, at lintels, windows and doors, and even was the wood of choice for 
traditional altarpieces of the 18th century (Faria, 2002). Regarding the experimental 
campaign and case studies presented in the following chapters of this w
structural members of chestnut timber are analys
species is given hereafter.
Chestnut is the designation used for any species of the genus 
trees of the family Fagaceae
(the Latin word sativa 
Europe and Asia Minor and widely cultivated throughout temperate regions. Detailed 
information about the origin and cultivati
and Krebs (2007). This deciduous tree produces an edible seed, the chestnut, which was 
one of the basis of alimentation to many ancient cultures prior to the introduction of 
potatoes or to cultures with scarce 
35 m and the appearance of the bark resembles a net
spirally in both directions up the trunk (Figure 1.1). The
30 cm long and 4 to 10 c
perimeter. 
Figure 1.1: Chestnut tree
Chestnut timber is considered
decades about 32000 ha of pure chestnut forest (Fioravanti and Galotta, 1998). Often its 
density ranges from 540 to 650 kg/m
(Sánchez et al., 2004). It also presents moderate shrinking and it is difficult to dry.
                                        
1
 source: b) http://commons.wikimedia.org
 
 
ed, a brief characterization of this wood 
 
. The usual species found in Portugal is 
means cultivated), which is native to Mediterranean region of 
on of Chestnut in Europe is found in Conedera 
access to wheat flour. Trees may reach heights of 20 to 
-shaped pattern with fissures running 
 leaves measuring from 10 to 
m wide present a simple, ovate or lanceolate shape with serrated 
 
a) 
: a) tree; b) detail of a cross section1. 
 of medium availability in Portugal having in the last 
3
 and having an average hardness between 2.1 and 2.5 
         
, institution: Museum of Toulouse
5 
favoured for 
 floors and roofs 
ork, where 
Castanea, deciduous 
Castanea sativa Mill. 
 
b) 
 
 (retrieved August, 2013). 
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Accounting its natural durability, it presents a good performance regarding fungi 
attack and termites, being more sensitive to wood boring beetles. Chestnut is porous, with 
low impregnable heartwood and medium impregnable sapwood. Its durability decreases 
when exposed to changing environments. The European standards EN 350-1 (CEN, 1994a) 
and EN 350-2 (CEN, 1994b) classifies it as durable and suitable for all applications with 
and without contact with soil, except of particular cases of very extreme conditions. Due to 
its high content of acids (tannic acid), tends to speed up metal corrosion, which is more 
evidenced in the presence of high humidity. Due to this, blue discolorations may be found 
when in contact with iron based materials. 
The Italian standard UNI 11119 (UNI, 2004) considers three classes regarding visual 
grading of timber elements in onsite inspections and diagnosis and provides, for different 
species of timber such as chestnut, indicative values for characteristic strength stresses for 
compression and tension, both parallel and perpendicular to the grain, shear parallel to the 
grain and static bending. Also mean values for modulus of elasticity (MOE) in bending are 
provided. 
Sánchez et al. (2004) mentions that for clear wood samples, chestnut reaches a 
bending strength between 63 to 79 N/mm2 with a bending MOE between 8200 to 12600 
N/mm2. The same authors also indicate values between 40 to 52 N/mm2 for compression 
strength parallel to grain and of 7.8 N/mm2 for compression strength perpendicular to the 
grain, meanwhile indicating values between 7.8 and 9.3 N/mm2 for shear strength and 5.5 
to 5.9 J/cm2 for dynamic bending. Mechanical characterization of small clear chestnut 
wood specimens may also be found in Lourenço et al. (2007) and Feio et al. (2007) 
regarding correlations with non-destructive test results. 
Whereas, evaluation of structural size chestnut elements was considered in Branco et 
al. (2011) and Faggiano et al. (2011). Sánchez et al. (2004) also provides indicative values 
for structural chestnut timber, such as mean bending MOE of 10400 N/mm2. 
 
1.5 Outline and thesis overview 
In Chapter 1, the scope and objectives of this work are presented. Description of the 
methods and aim of each task within the main framework is provided. 
In Chapter 2, a review of relevant topics is given, aiming at providing the necessary 
information to understand and support each step of the following chapters. Initially a brief 
review of evaluation schemes and testing for existing timber members is provided with 
clarification of methods for timber grading. Following, different procedures for safety 
assessment evaluations are described regarding its analysis approach, either deterministic 
or probabilistic. In this chapter, the hierarchical modelling of timber elements is also 
mentioned with reference to the distinction of clear wood segments and segments with 
defects at a structural size scale. 
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In Chapter 3, a multi-scale experimental campaign is described regarding the 
assessment of chestnut timber beams retrieved from a building in North of Portugal. Each 
test scale is described in a specific phase and the results obtained through different types of 
tests are evidenced. For that aim, a combination of either or both non-destructive, 
semi-destructive and mechanical testing is considered in each phase. Special attention is 
given to the analysis of bending stiffness and strength, as reference properties, in different 
test phases. Further on, testing on clear wood specimens is also considered for assessment 
of parallel to the grain mechanical properties. Visual inspection and bending tests in elastic 
range are used as comparative parameter within different scales. The outcome of this 
chapter is a database for the assessment of mechanical properties of chestnut timber 
members, 
Following in Chapter 4, the results obtained in the experimental campaign previously 
described are analysed. Variability within and between elements is statistically assessed, 
and complemented by an analysis of outlier values. Correlations between the same 
mechanical property in different size scales are proposed. Moreover, correlations between 
different properties are considered within and between size scales. 
In Chapter 5, the global modulus of elasticity in bending is assessed and predicted by 
means of visual grading and mechanical testing of small size elements. Several models 
assuming different combinations of local data in the prediction of bending stiffness are 
proposed and analysed regarding their correlation with the experimental data. Random 
sampling of local data is considered attending to the visual grading in a lower scale level. 
In Chapter 6, the application of data updating by Bayesian methods is exemplified in 
single elements and in an example of a truss. The prior information is obtained through a 
database of mechanical properties of clear wood specimens with non-destructive testing 
results. 
In Chapter 7, Bayesian Probabilistic Networks are used for infer of bending stiffness 
and strength of timber members in different size scales, accounting the results of visual 
grading and bending tests in Chapters 3 and 4. According to the target mechanical property 
to be inferred and the level of prior information, different arrangements of the networks are 
considered. 
Finally, Chapter 8 presents the summary and final conclusions of this work, also 
accounting to found limitations. A brief consideration of future works is made. 
A global overview is given in Figure 1.2, accounting the interaction of the different 
chapters. In essence, Chapter 2 presents the review of tools and basics for the following 
chapters, whereas Chapter 3 and 4 provides the necessary database of results and 
correlations between mechanical properties of existing timber members. Chapters 5 to 7, 
incorporate the information of different sources, applying it to the prediction and updating 
of models for the reference properties of timber. Finally, Chapter 8 sums up the main 
findings of the previous chapters. 
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Figure 1.2: Schematic overview of the thesis' chapters. 
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Chapter 2 
Methodologies for safety evaluation of 
existing timber structures 
 
 
ABSTRACT: A better understanding of timber performance as a construction material 
and of its durability allows for a better safety assessment of existing timber structures and 
the possible necessary actions to maintain its integrity. However, modelling the 
characteristics of existing structures may sometimes lead to costly procedures, and 
therefore careful planning of works is imperative. Nonetheless, many times the costs of an 
adequate inspection and monitoring plan are far less inferior to those compared to time 
inadequate maintenance, repairing interventions or, in extreme situations, to the 
consequences of a structural collapse. 
On the following chapter, a brief description of different common tests made to 
timber elements and respective grading rules is provided. Moreover, the differences 
between distinct design and assessment methodologies is highlighted, with special 
relevance to enumeration of examples of hierarchical modelling in timber structures. The 
use of updating methods, within probabilistic approaches and regarding information 
gathered from different sources, is also mentioned.  
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2.1 Testing of timber mechanical properties 
Timber, as with all construction materials, is chosen for a specific purpose regarding its 
suitability, which can range from its aesthetic and availability to its physical properties, but 
most importantly, to its predicted performance, both mechanical and durability. However, 
it differs from other materials, as it is a natural material evidencing large variability in its 
physical and mechanical properties, and it is necessary to perform an adequate material 
characterization in order to reliably predict its performance. This is often achieved by 
testing it by different means and procedures, which are chosen regarding the scope and 
objective to which the material is intended. 
Several different testing methods were made available during the last decades, as to 
answer different questions regarding the characterization of timber. Depending on its 
nature, application and damage that they produce to the inspected elements, these tests are 
defined into different categories. The most important division is that which defines the 
amount of damage made to the material while performing the test, resulting into three 
categories (Kasal and Anthony, 2004). When a test does not produce damage it is 
denominated as non-destructive testing (NDT), or semi-destructive (SDT) when only 
minor damage is made. On the other side, destructive testing (DT) has taken place when 
the material is damaged in such way that cannot be recovered. Although NDT has the 
advantage of maintaining the full integrity of the element, it does not provide a high level 
of information and a large amount of measurements are necessary to provide a preliminary 
material characterization (see Figure 2.1). In this case, only DT allows for a complete and 
reliable material characterization, however it destroys the sample in analysis and thus 
incompatible in the assessment of historic structures. 
In DT methods, a member can be extracted from a structural system and its 
properties are analysed via full-scale or reduced scale (small clear wood specimens) 
experiments. Although it produces a precise inference about the mechanical properties of 
that particular member, it may not be reliable for inference of other members due to the 
high variability found between members even within the same structure (Kasal, 2010). In 
SDT methods, small specimens are extracted from the structural member, such that its 
dimensions are smaller than wood's natural defects or significantly smaller than the 
member itself, ensuring that the strength of the member is not affected. In this case, 
regarding the variability within member, the number of measurements will greatly affect 
the reliability of the prediction of the desired parameter. Often a large number of samples 
is required in order to obtain a stable sample coefficient of variation (COV). As in DT, the 
advantage of SDT is that the mechanical property in study is measured directly and not by 
basis of correlation, whereas NDT relies on the relationship (most commonly the 
correlation) between the measured parameter and a mechanical (either strength or stiffness) 
parameter. 
Methodologies for safety evaluation of existing timber structures 11 
 
 
 
 
Figure 2.1: Relationship between evaluation technique and expected level of information 
(adapted from Kasal, 2010). 
Some examples of different tests divided by its damage level are provided in 
Table 2.1. While the division between DT and other tests is well defined, the distinction 
between SDT and NDT is less clear, as some authors have different opinions regarding the 
damage level made by techniques that do not require specimen extraction and only perform 
low surface damage (usually punctual damage). 
Table 2.1: Testing methods for evaluation of timber. 
Method type Example of the method 
Destructive Testing of full-size members 
Semi-destructive 
Micro-tension tests 
Core drilling 
Small specimen extraction 
Screw withholding tests 
Hardness tests 
Resistance drilling 
Penetration tests 
Moisture measurements 
Videoscopy 
Microscopy 
Acoustic methods 
Ultrasonic methods 
Stress waves 
Radiography 
IR thermography 
Ground penetrating radar 
Species identification 
Visual inspection 
Non-destructive 
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Another important division between timber testing methods, is the type of parameter 
obtained regarding the measurement extent, which can be either local or global 
(Baldassino et al., 1996). In local test methods (LTM) the properties of small areas are 
known and inferences about the properties of the full member must be considered by 
correlation or empirical knowledge. SDT is an example of LTM, as they only provide 
information regarding the extracted specimens or of a punctual measurement (e.g.: 
resistance drilling, pin penetration tests). On the other hand, global test methods (GTM) 
measure parameters over relatively large areas or even properties of an entire section or 
member. Both NDT and DT commonly result in global parameter estimation. 
Although, in an overall sense, all of these tests and procedures intend to give a better 
understanding of the timber member's material characterization, they often individually 
provide only insight of a specific parameter or property. For instance, many NDT require 
information provided by SDT in order to correlate with the mechanical properties of timber 
(e.g.: ultrasonic methods depend on the knowledge of density and moisture contents, 
obtained by SDT, for a reliable estimation of timber's stiffness). Therefore, the timber 
assessment should comprise a thorough testing procedure, combining different tests and 
regarding a variety of parameters (e.g.: dimensional stability, mechanical strength, 
durability, water content), so it can be correctly graded accounting to accepted or imposed 
criteria, such as professional guidelines or national regulation.  
In what concerns existing structures, several methods have been established to 
evaluate timber onsite, and the choice of a specific method depends on the particular 
information that is required. Further information about individual test methods are 
summarized in the RILEM TC 215 state-of-the-art report (Kasal and Tannert, 2010). In 
this document the evaluation of historic timber can be summarized in the following steps: 
i) visual inspection; ii) specie identification; iii) moisture measurement; and, iv) evaluation 
of specific properties or parameters. 
Here, special highlight will be provided to the NDT, SDT and DT which were used 
during the experimental campaign presented in Chapter 32. 
 
2.1.1 Non and semi-destructive testing 
Ross and Pellerin (1994) refer to non-destructive evaluation as the science of identifying 
physical and mechanical properties of a piece of material without altering its end-use 
capabilities. However, a more refined definition is needed, as some SDT also allow for the 
timber member to fulfil its end-use purpose but in exchange of minor damage to the 
surface of the element. 
Historically, the wood community has developed and used NDT almost exclusively 
for sorting or grading structural elements in a production line. As instance, it has long been 
a common procedure to couple visual sorting criteria with NDT inferring to stiffness of a 
                                                 
2
 Chapter 3: Multi-scale characterization of chestnut timber elements. 
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piece of lumber, in order to establish different grades in a machine stress rating, as reported 
by Galligan et al. (1977). However, there are NDT techniques that have proven useful and 
efficient for an initial material characterization for onsite timber members. In fact, the 
fundamental principle of NDT use for timber structural assessment has long been 
established. This hypothesis stands that the energy storage and dissipation properties of 
wood materials, which can be measured by means of NDT, are governed by the same 
mechanisms that determine the static behaviour of such material (Jayne, 1955). As a result, 
correlations between these properties and static elastic and strength may be obtainable 
through statistical regression analysis. 
NDT in timber greatly varies from those made to other materials, namely 
homogeneous and isotropic materials, such as metals, plastics and ceramics. In other 
construction materials, NDT's main function is to detect manufacturing defects, as the 
presence of discontinuities, voids, or inclusions. Whereas, in timber, defects are naturally 
present and may easily be induced by environmental degradation agents, thus in this case, 
NDT have also to account how natural and environmental defects or pathologies affect the 
mechanical properties of the structural member. Nowadays, the use of NDT in existing 
timber structures is expanding due to an increasing amount of resources being devoted to 
repair and rehabilitation of existing timber structures rather than to new construction, and 
thus a more consistent onsite assessment is demanded. 
 
Visual inspection 
Visual inspection is a global testing method used to identify the overall condition of the 
structure and wood members, and it is considered the most important step in the 
assessment process (Kasal, 2010). Several authors even mention that visual inspection is 
required to determine the original timber characteristics and the damage history during its 
service life (Ceccotti and Uzielli, 1989; Uzielli, 1992; Tampone, 1996a; Tampone, 1996b; 
Ross et al., 1998; Tampone et al., 2002). Although it may be preceded by preliminary desk 
survey, when doing, for example the historical survey of heritage structures, visual 
inspection is the first step to a full diagnostic of an existing structure and often a crucial 
factor that determines the plan of interventions (Cruz, et al. 2013) (see Figure 2.2). 
During a visual inspection, the natural defects and deterioration are detected, 
characterized and inventoried. Natural defects, include features such as knots, slope of 
grain, deformation, wane and seasoning checks, while deterioration includes damage from 
insect infestation or fungal decay (biologic attack) (see Figure 2.3). Besides the presence of 
defects in elements, it is crucial to survey the moisture content and / or water infiltrations 
as those may contribute to the presence of biological activity. Regarding timber structures, 
special attention must be drawn to the connections between elements and to its level of 
preservation. The safety conditions of a timber structure are highly dependent on the 
performance of the connections, however few standards address the visual inspection of 
connections with due concern. 
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Figure 2.2: Steps required for the assessment and planning of interventions in historic 
timber structures (adapted from Cruz et al., 2013). 
After the visual inspection, a visual grading is made based in the size, number and 
location of defects related to the timber member's size and structural use. This grading is 
often attributed with respect to a critical segment3 of the timber member and accounting to 
its residual cross section (section without the portion decayed by biotic agents). 
On the past decades, several national grading rules were introduced in Europe, but 
widely differing with respect to grading criteria, number of grades and grade limits. These 
differences are mainly derived from the need to evaluate diverse species or group of 
species (such as softwoods and hardwoods), geographic origin, different dimensional 
characteristics, quality of material as well as historic value and common craftsmanship. To 
overcome these differences, general guidelines were suggested in the European standard 
EN 518 (CEN, 1997) and the subsequent national standards were developed in order to 
establish strength classes for local timbers, whereas, assignment of species and visual 
                                                 
3
 critical segment may be defined as a region of the timber element with more than 150 mm length 
(measured parallel to the direction of the biggest member dimension), that due to high level of defects, 
location, conservation state or loading condition is considered as relevant to the purpose of the inspection. 
Preliminary assessment 
Desk survey 
Preliminary 
visual survey 
Structural analysis and detailed assessment 
Measured 
survey 
Structural analysis 
Detailed survey of joints 
Detailed survey of members 
Preliminary report 
Diagnostic report 
Detailed design of interventions 
Assessment results and future actions 
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grades from national standards to strength classes is provided by EN 1912 (CEN, 2012). 
Comparison between different visual strength grading standards from different countries 
has been widely researched (e.g. Almazán et al., 2008; Muñoz et al. 2011). However, 
besides defining visual strength classes, an onsite inspection must also identify significant 
areas that, due to local damage, defectiveness or higher stress concentration, might pose as 
critical segments for the structural system.  
  
a) b) 
  
  
c) d) 
Figure 2.3: Example of common visually assessable timber defects and pathologies: 
a) knots; b) biological decay; c) fissures; d) wane. 
The need to relate the presence of defects to the stress distribution in a member has, 
for instance, been pointed by the Italian standard UNI 11119 (UNI, 2004). According to 
that standard, an individual member may be given an unique strength class once the critical 
areas are identified. However, as mentioned by Branco et al. (2010), if the visual grading is 
based on the evaluation of local defects but the result is the assignment of the entire timber 
element to a specific strength class, this will lead to the loss of the evaluation of local 
defectiveness. 
The standard UNI 11119 (UNI, 2004) establishes objectives, procedures and 
requirements for the diagnosis of the state of conservation and estimates the mechanical 
properties (resistance and stiffness) for structural wood elements present in cultural 
heritage buildings. Its methodological approach consists in the execution of a visual 
inspection and application of NDT. For visual strength grading of a single member, this 
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norm considers three classes (I, II and III) regarding onsite diagnosis for a given timber 
specie. The timber member is from a given class if it fulfils all the imposed requirements 
(Table 2.2), otherwise is graded as non-classifiable (NC). The complete inspection also 
requires a perfect and safe accessibility to the timber elements, a correct lighting and the 
cleaning of timber. Moreover, UNI 11119 (UNI, 2004) indicates values for the mechanical 
properties of different species of timber regarding its visual grade classes (see Table 2.3 for 
the case of chestnut timber). 
Table 2.2: Grading rules for structural timber members in an onsite diagnosis as 
considered in UNI 11119 (UNI, 2004). 
Parameter for classification Class for onsite diagnosis I II III 
Wane1) sw ≤ 1/8 sw ≤ 1/5 sw ≤ 1/3 
Various defects; 
Cracks due  to frost and 
Ring shakes 
absent absent 
admissible in 
limited 
occurrence 
Single knots2) Ad ≤ 1/5 d ≤ 50 mm 
Ad ≤ 1/3 
d ≤ 70 mm Ad ≤ 1/2 
Groups of knots3) Wd ≤ 2/5 Wd ≤ 2/3 Wd ≤ 3/4 
Inclination 
of fibers 
(slope %) 
in radial section ≤ 1/14 (≈7%) ≤ 1/8 (≈12%) ≤ 1/5 (20%) 
in tangential 
section ≤ 1/10 (10%) ≤ 1/5 (20%) ≤ 1/3 (≈33%) 
Shrinkage radial cracks admissible if not passing through the whole section 
1)
 sw is the ratio of the wane oblique dimension and the height of the cross section; 
2)
 Ad is the ratio of the minimal diameter d of the biggest knot, to the width of the element face; 
3)
 knot clusters are evaluated through the ratio Wd of the sum of the minimal diameters of all knots, in 
a 150 mm range (or until the fibers are not realigned), to the width of the element face. 
 
Table 2.3: Mechanical properties regarding the application of UNI 11119 (UNI, 2004), 
for 12% moisture content. 
Class for on site diagnosis 
Mechanical properties1) (N/mm2)  
compression 
static 
bending 
tension // 
to grain2) 
shear // 
to grain 
MOE in 
bending // to 
grain 
⊥ to 
grain 
Chestnut 
(Castanea 
sativa Mill.) 
I 
II 
III 
11 
9 
7 
2.0 
2.0 
2.0 
12 
10 
8 
11 
9 
6 
0.8 
0.7 
0.6 
10000 
9000 
8000 
1) Applicable for the method of admissable stresses. 
2) tension ⊥ to grain is conventionally assumed to be equal to zero. 
Single knots are measured considering the ratio Ad of the minimal diameter d of the 
knot to the width of the element face, while knot clusters are evaluated through the ratio 
Wd of the sum of the minimal diameters tk of all knots, in a 150 mm range (or until the 
fibers have not realigned to their normal direction), to the width of the element face. Wane 
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is measured considering the ratio sw of the oblique dimension and the height of the cross 
section. General slope of grain is usually detected by means of a scribe, or when present, 
by measuring shrinkage splits on the longitudinal faces. Presence of biological attack is 
also identified and reported, and a residual cross section was defined accounting to the loss 
of material due to decay. 
The Italian norm UNI 11035-2 (UNI, 2003b) identifies the most common wood 
species used in the Italian construction. For each case, it indicates the rules to use for a 
strength grading based in visual inspection regarding the prescriptions given in norm 
UNI 11035-1 (UNI, 2003a). Each element is classified regarding different requirements 
assessable by visual inspection and attributed a class. In case of hardwoods only a class S 
is considered (Table 2.4). If the elements fulfils all the imposed requirements it may be 
classified with that class and indicative values for strength and stiffness are given (see 
Table 2.5), otherwise the element is considered non-classifiable. 
Table 2.4: Grading rules for visual inspection of hardwoods by application of 
UNI 11035-2 (UNI, 2003b). 
Parameter for classification 
Single class 
S 
Wane sw ≤ 1/4 and at each side of the section, for at least 2/3, should 
not have wane 
Single knots Ad ≤ 1/2; d ≤ 70 mm; D ≤ 150 mm 
Groups of knots Wd ≤ 2/5; tk ≤ 70 mm 
Ring amplitude no limitation 
Density ρ > ρmin (ρmin = 395 kg/m3 for Castanea Sativa Mill.) 
Inclination of fibers ≤ 1/6 
Fissure: 
- shrinkage 
- ring shake 
- lightning, ice, damage 
 
admissible in limited occurrence 
admissible in limited occurrence 
non admissible 
Decay by white or brown fungi non admissible 
Tension wood no limitation 
Insect attack admissible in limited occurrence 
Ivy plant non admissible 
Deformation: 
- bow 
- crook 
- twist 
- cup 
 
10 mm every 2 m in length 
8 mm every 2 m in length 
1 mm every 25 mm in width 
no restriction 
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Table 2.5: Mechanical properties in the application of the UNI 11035-1 (UNI, 2003a), 
for different species hardwoods. 
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Class 
S S S S 
Bending strength (5-percentil)  fm,k 28 42 26 27 
Tension // to grain (5-percentil)  ft,0,k 17 25 16 16 
Tension ⊥ to grain (5-percentil)  ft,90,k 0.5 0.8 0.4 0.5 
Compression // to grain (5-percentil)   fc,0,k 22 27 22 22 
Compression ⊥ to grain (5-percentil)   fc,90,k 3.8 5.7 3.2 3.9 
Shear (5-percentil) fv,k 2.0 4.0 2.7 2.0 
MOE // to grain (mean)  E0, mean 11000 12000 8000 11500 
MOE // to grain (5-percentil)  E0,05 8000 10100 6700 8400 
MOE ⊥ to grain (mean)  E90, mean 730 800 530 770 
Shear modulus (mean)  Gmean 950 750 500 720 
Density (5-percentil)  ρk 465 760 420 515 
Density (mean)  ρmean 550 825 460 560 
Despite its invaluable importance, visual inspection is subjective and may even be 
inaccurate as evidenced in Huber et al. (1985), when inspectors achieved only 68% of the 
expected result in recognizing, locating and identifying defects in grading red oak lumber. 
Also Lychen (2006) refers that the quality yield for the automatic system was found to be 
between 52% and 75%, while manual grader only reached between 31% and 61%, 
comparing to the optimal grade defined by decision of several manual graders. Human 
visual inspection rarely achieves better than 70% performance in grading lumber (Silvén et 
al., 2003). While Grönlund (1995) found that when grading boards into four grades, only 
60% were assigned the same grade by two different expert inspectors. Regarding the 
subjectivity and effectiveness of visual inspection made by inspectors with different levels 
of expertise, statistical analysis was performed by Sousa et al. (2013), where it was found 
that the combination of information by different inspectors may improve the overall 
efficiency of the visual grading. Also, in the same study it was found that inspectors with 
more experience will tend to have lower variation of results within a visual grade and 
better differentiate between them.  
Overall, the result of visual strength grading is the attribution of indicative values or 
allowable stress levels for indirect prediction of key properties which due to its correlation 
Broadleaves timber species and class 
regarding visual inspection 
Mechanical properties (N/mm2) 
and Density (kg/m3) 
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to other properties, allow for the mechanical characterization of the material. For a more 
reliable prediction, complementary diagnostic methods based on NDT and SDT are 
necessary. 
 
Pin penetration tests 
Pin penetration tests, or also called pin driving tests, consist of releasing a steel pin of a 
fixed diameter into the material by a dynamic force (Figure 2.4). This dynamic force 
results from the release of a spring that transforms the elastic potential energy into impact 
energy, and in principle the measurements are free of operator bias (Cown 1978; Hansen 
2000). The penetration of a metallic needle can be measured and the depth is inversely 
proportional to the density of the wood as found by Görlacher (1987). In the same study, 
correlation coefficients varying from 0.74 and 0.92 were found depending on number of 
measurements and species. Also the empirical relationships are affected by moisture 
content (Ronca and Gubana, 1998), and therefore it is convenient to adjust the test 
measurements to a common wood moisture content, such as 12%. Depth of pin penetration 
is also used as a measure to detect and define different degrees of degradation (Hoffmeyer, 
1978; Zombori, 2001; Sousa et al., in press_a). 
  
a) b) 
Figure 2.4: Pin penetration tests: a) example of a device; b) illustration of use. 
Pin penetration tests are widely used for evaluating pole decay, or standing trees as 
well as sawn lumber density. Since it provides a fast and cheap response, and induces 
minor damage to the timber member, it results in an overall higher gain in the selection or 
culling of seedling seed orchards comparing to standard density measurements that require 
sample removal (Greaves et al., 1996). 
Several researches have considered the measurements of pin penetration tests for 
prediction, through linear correlation, of timber's mechanical properties (Piazza and 
Turrini, 1983; Lourenço et al., 2007; Feio et al., 2007; Wu et al., 2010). 
In Wu et al., (2010), the effectiveness of pin penetration tests for evaluating wood 
basic density and modulus of elasticity (MOE) was considered for eucalyptus clones in 
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standing trees. Moderate negative correlations were found with coefficient of correlation 
from -0.43 to -0.76 for density and of -0.59 to -0.66 for MOE, with better correlations 
when removing the bark layer. In the same study, the coefficient of variation for depth 
penetration ranged from 9.2% to 11.8% for measurements over the bark, whereas when 
removing the bark it ranged from 13.4% to 14.5%, evidencing the possible influence of 
bark thickness and branch cluster frequency. Similar coefficients of variation were also 
found in the study of other hardwoods by Wei (1997) ranging from 12.3% to 13.6%, and 
by Yin (2008). 
In the study of small clear specimens of chestnut wood, Lourenço et al. (2007) found 
a correlation of depth penetration with density with coefficient of determination (r2) of 
0.78, and evidenced that the results were independent of the orientation of the annual 
growth rings and the wood age. However, it must be noted that penetration of the pin only 
comprised up to three annual rings and thus considerations to practical applications must 
be taken with caution. Ronca and Gubana (1998) found that the variability in 
measurements obtained in either radial direction or with less than 30º to the grain 
orientation, is less than 10%. The same authors also mention that with moisture content 
above 30%, differences between radial and tangential penetration decrease approximately 
5 to 6%, whereas for low moisture contents the difference may increase up to 20%. 
Lourenço et al. (2007) also concluded that a correlation of penetration depth with 
either MOE or strength in compression perpendicular to the grain, was inexistent. A better 
correlation with density was found by Feio et al. (2007) with a value of r2 = 0.91, which 
also found moderate to low correlations with MOE and strength in compression parallel to 
the grain with r2 of 0.43 and 0.37, respectively. 
Despite its advantages, the prediction of density taken from pin penetration tests 
must be assessed carefully as the striker pin only penetrates a small part of the superficial 
layer of the element, thus it does not permit to assess the core of the element. On the other 
hand, a higher or smaller penetration may also be derived, as previously mentioned, from 
other factors rather than from density only, such factors may be the level of decay (timber 
quality) and moisture content. Nevertheless, this test allows to define superficial weak 
spots and also to give qualitative information about different cross sections if an adequate 
mesh of inspected values is guaranteed. 
 
Drilling resistance tests 
Resistance drilling is based on the micro-drilling of wood at constant cutting speed by a 
standard drill, either per cutting edge of a drill bit or per revolution, and measuring the 
required energy in the procedure. It is usually adopted to obtain density profiles and allows 
characterizing the full size of the specimen cross section (Rinn et al., 1996). Depending on 
the relative energy change (either increase or decrease), this method allows to infer on 
internal defects of the member, such as inner voids, cracks, inclusions or decay. The 
method is relatively sensitive to changes in wood composition and is able to differentiate 
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between individual growth rings (Wang et al., 2003; Frattari and Pignatelli, 2005). In 
structural timber, which is mostly dry, small-diameter drilling points may tend to follow 
the curvature of the growth rings, resulting in measurement errors. This can be mitigated 
by increasing the stiffness of the drill bit by use of larger needle diameters (Kasal, 2010). 
The mean levels of the drilling profiles were found to closely correlate with gross 
density of dry wood, with r2 higher than 0.8 by Rinn et al. (1996). However, similar 
procedure indicated weaker correlations with values ranging from 0.21 to 0.69 (Isik and Li, 
2004). Combining drilling resistance measurements and decay classes, Kahl et al. (2009) 
was able to increase the correlation with density and found a r2 = 0.73. 
An example of a drilling resistance profile is presented in Figure 2.5, where the 
horizontal axis of the profile measures the length of the drilling path and the vertical axis 
provides the power consumption of the device as a measure of drilling resistance. Here is 
clearly visible that resistance drilling measurements provides one-dimensional mapping. 
However, the combination of drilling measurements in different directions of the same 
cross section allows for a two-dimensional representation of the internal section (Calderoni 
et al., 2010; Faggiano et al., 2011). 
 
 
a) b) 
Figure 2.5: Drilling resistance tests: a) illustration of use; b) output example in form of a 
typical drilling profile. 
As considered by Feio (2005), the result of a drilling resistance test can be taken by 
the resistance measure (RM) given by the integral of the area beneath the resistance profile 
with respect to the length of drilling path, h (eq. 2.1). 
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With respect to RM, Feio (2005) showed a r2 = 0.81 with for density of chestnut clear 
wood specimens. The same author, also presented r2 correlating RM with MOE in 
compression of 0.61 for new timber and 0.67 for different fiber alignments, whereas in 
longitudinal compressive strength the r2 with RM were 0.59 and 0.41 for new and old 
timber, respectively. 
In Frankl et al. (2006), the RM was further refined with consideration of the diameter 
of the drill, d, resulting in the reducing parameter, RP (eq. 2.2), which allows for the 
comparison between results of equipments with different drill diameters. 
The major drawback in the use of these tests is that they are influenced by many 
factors, such as sharpness of drilling bit, direction of drill path in wood, angle of drilling 
tool against rings (Lear, 2005) and wood moisture content (Machado and Cruz, 1997). In 
Ukrainetz and O'Neill (2010), the sensitivity of drilling resistance tests were evaluated by 
seven experimental factors, where it was concluded that drill bit flexion (a measure of 
operator steadiness), moisture content of wood, and air temperature significantly affected 
the results, whereas influence of knots was minimized at a vertical distance of 3 cm and 
battery type, sharpness of the drill bit (at least up to 350 uses), and battery charge (at least 
up to 310 uses with a 12 V motorcycle battery) had no significant effect. Also, its local 
character in the evaluation of the member is a limitation (Bonamini, 1995; Emerson et al., 
1998). Moreover, its onsite usefulness might be low for elements with larger thickness due 
to the increase of lateral friction of the needle and possible deviation of the drilling path, 
and full onsite access to both parallel sides of an existing element may not be possible. 
Nowadays, the resistance drilling method is one of the most used methods for the 
assessment of existing timber structures, and several test campaigns were carried out using 
this technique, both in controlled laboratory conditions (Lourenço et al., 2007; Feio et al., 
2007; HouJiang et al., 2010), from members taken from the construction site (Branco et 
al., 2010; Faggiano et al., 2011) and as well in onsite members (Medeiros, et al., 2010; 
Imposa et al., 2012, Palanti et al., 2013). 
 
Ultrasonic testing 
Ultrasound method for testing timber is based on the physical principle that any wave 
causes the oscillation of the particles of the medium in which it propagates. This results in 
the oscillatory movement of the particles around its equilibrium position with decreasing 
amplitude due to the loss of wave energy. In the analysis of mechanical properties of wood 
the most favourable frequency range lies between 20 kHz and 500 kHz, mainly due to the 
high attenuation at higher frequencies timber (ASTM, 1989; Tanasoiu et al., 2002). 
dh
Area
RP
h
⋅
=
∫0
 (2.2) 
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During the propagation in a given material, the ultrasonic wave may be reflected, 
absorbed or attenuated. However, a feature which remains unchanged is its frequency, 
whereas the intensity decreases with the distance to the transducer. In a material such as 
wood, defects are regarded as obstacles to propagation of ultrasonic waves and as such, in 
theory, the greater the number and significance of these defects the greater the loss of 
intensity. As such, the analysis and detection of discontinuities by ultrasonic testing has the 
choice of frequency as a primary condition. The wavelength, which is inversely 
proportional to the wave frequency, plays an important role in this choice, since in general, 
defects smaller than half the wavelength of the signal may not be detected. Thus, higher 
frequencies (smaller wavelengths) have a greater capacity for detecting smaller defects, 
however also have a higher attenuation. When the objective is to detect large 
discontinuities, a lower frequency should be adopted, especially if it is also required 
greater penetration of the ultrasonic wave (Kasal and Tannert, 2010). Also grain direction 
influences the wave propagation process such that, according to McDonald (1978), in 
hardwoods the propagation velocity can be three times higher in the parallel direction than 
in the perpendicular direction to the grain, thus allowing to assess and check for defects 
that led to deviations on the grain. 
Depending on the relative position between the transmitting and receiving 
transducers and the element, different types of measurements are possible. In an overall 
sense, an indirect measurement is considered when the transducers are placed in contact 
with the same surface of the element, while a direct measurement is obtained when the 
transducers are placed in direct line but in opposite surfaces of the element (Figure 2.6). 
With regard to these different types of measurements, Machado et al. (2009) found a 
relative difference between measurements of approximately 10%, using 150 kHz 
frequency transducers, and also refers that a 40 cm distance between transducers for the 
indirect method results in lower relative difference. 
 
 
b) 
 
a) c) 
Figure 2.6: Ultrasonic measurements: a) illustration of use; b) indirect measurement; 
c) direct measurement. 
The last few decades have witnessed extensive research aimed at finding a 
hypothetical correlation between the propagation of elastic waves in a timber member and 
its mechanical properties. One of the most common indicators calculated from the 
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ultrasonic measurements is the dynamic modulus of elasticity, Edin, which for prismatic, 
homogeneous and isotropic elements, and for those with a section width smaller than the 
stress wavelength, is determined through the relation: 
where, Edin is the dynamic modulus of elasticity (N/mm2), vp is the propagation velocity of 
the longitudinal stress waves (m/s) and ρ is the density of the specimen (kg/m3).  
For practical purposes, the relation between the dynamic modulus of elasticity and 
the static value is particularly relevant (Edin ≥ 0,9 ⋅ Esta) and explained by the viscous-
elastic behaviour of wood (Bonamini et al., 2001). Generally a linear relation is adequate 
(U.S. Forest Products Laboratory, 1999; Bonamini et al., 2001): 
where K is a proportionality constant dependent of the timber species, while c1 and c2 are 
constants depending on the material in analysis. 
The use of ultrasonic method for estimating the mechanical properties of existing 
timber elements is found in many studies concerning conifers. Regarding the static 
modulus of elasticity, in Sandoz (1985), measurements by ultrasonic technique resulted in 
a coefficient of correlation higher than 0.80, while by measuring the Edin, r2 above 0.75 
were also found (Oliveira et al., 2003; Divós and Tanaka, 2005; Machado and Palma, 
2011). In Machado et al. (2003a), the measurement analysis of wave propagation velocity 
resulted in r2 of 0.48 and 0.69 with the compressive strength parallel to the grain for 
indirect and direct measurements, respectively. 
In the case of hardwoods, Lourenço et al. (2007) showed that Edin was strongly 
correlated with some mechanical properties of chestnut clear wood specimens, presenting 
coefficients of determination above 0.71 and 0.74 respectively, for obtaining the strength 
and MOE in compression perpendicular to the grain. However, for similar sampling 
conditions but for the parallel to the grain direction, Feio et al. (2007) presented r2 above 
0.39 and 0.60, for compression strength and MOE, respectively, and r2 above 0.27 and 
0.58 for tension strength and MOE, respectively. 
Besides being used in clear wood samples, ultrasonic measurements are also applied 
to identify different stages of decay propagation (Lee and Bae, 2004; Sousa et al., in 
press_a). 
Although it is an easy to use technique, its application onsite presents several 
difficulties often combined with large variation on results within a same member. The 
wave propagation velocity is influenced by several parameters, such as wave frequency 
(Bucur and Feeney, 1992; Bucur and Böhnke, 1994), pressure applied by the user 
(Biernacki and Beall, 1993; Emerson et al., 1999), contact between transducers and the 
ρ⋅= 2pdin vE  (2.3) 
2din1dinsta cEcEKE +⋅=⋅=  (2.4) 
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element, as well as coupling material (Machado, 2000; Beall, 2002), among others. The 
natural variability of wood and presence of defects should be added to the uncertainty and 
variability of the measurements. 
 
Small size specimens 
The use of NDT are often complemented with information taken from SDT based on the 
evaluation of small size specimens. These small dimension specimens are extracted from 
the timber element and allow to bridge the gap between indirect NDT information with the 
direct fully destructive methods of strength and stiffness assessment. To that purpose, 
specimens are chosen from clear wood segments with sufficient distance from natural 
defects in order to avoid their influence. 
Common forms of extracting these specimens are made by core drilling or in form of 
mesospecimens. Core drilling is a semi-destructive method where cores of small diameter 
of about 5 mm are extracted from members (Kasal and Tannert, 2010), whereas 
mesospecimens can be obtained by cutting a small volume of wood with diagonal cuttings 
parallel to the grain (Brites et al. 2012). The specimens taken from either method, allows to 
test wood's mechanical properties and its variation (Table 2.6), instead of only predicting. 
However, they must be followed by a combination of other methods in order to evaluate 
the full-scale timber element (Tannert et al., 2013). 
Table 2.6: Variability of properties of small clear wood specimens (Burley et al., 2004). 
Property Coefficient of variation (%) 
Bending strength 7-20 
Modulus of elasticity in bending 9-23 
Impact bending 25 
Compression parallel to grain 8-29 
Compression perpendicular to grain 28 
Side hardness 20 
Shear parallel to grain, shearing strength 14-22 
Tension parallel to grain 25 
Toughness 34 
 
Small diameter cores are generally extracted from members and tested in 
compression, but a variety of properties can be established including density, moisture 
content, MOE and other strength properties (Kasal and Tannert, 2010). For instance, MOE 
and compression strength along the grain of clear wood, were obtained through these 
technique by Rug and Seemann (1991) and Kasal (2003). 
In Kasal et al. (2003), the results obtained with core sampling and through testing of 
samples regarding the American Society of Test Materials (ASTM) D 143-94e1 
specifications (ASTM, 2000a), were compared in compression and tension testing. A 
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strong relationship was obtained between the different procedures for compression strength 
and MOE with r2 of 0.89 and 0.76, respectively. Correlation within the core compressive 
strength and tension strength obtained by ASTM specimens was lower, providing only a r2 
of 0.67. Kasal and Tannert (2010) refer that these differences may be related to the amount 
of early and latewood present in the ASTM sample, as the cross section may not be 
sufficiently large to remove the bias of early and late wood effect.  
It is also noted that loading methods and failure modes are significantly different. 
Bending is often the predominant loading mode for structural timber members, however it 
is not easy to estimate bending strength or stiffness onsite. Correlations with bending 
strength are known to be stronger with tension strength rather than to compression 
strength. However, correlation between compression and tension strength of cores are 
often low, thus it is useful to obtain information about tension strength by use of 
mesospecimens. 
In Kasal and Anthony (2004) it was mentioned that the experimental and equipment 
design is such that the cross sectional area of the tension micro-specimens are comparable 
to the cross sectional area of the standard ASTM tension specimens for small clear wood, 
and therefore no correlation was needed for comparison to the standard tests. However, in 
Brites et al. (2012), the regression curves obtained for MOE, when comparing 
mesospecimens obtained through a new extraction technique and standard clear wood 
specimens, showed a r2 of 0.53 and 0.67 for maritime pine and chestnut, respectively. For 
the same study and regarding tension strength, lower r2 of 0.25 and 0.45 were found for 
maritime pine and chestnut, respectively. With these results it was concluded that the piece 
geometry and/or grip conditions of specimens have an important influence on the results. 
The disadvantages of these techniques, compared to NDTs, are that measurements 
are often costly in terms of manpower and money because they involve extraction and 
processing of specimens. Another important factor is that extraction of specimens are 
restricted to only a few samples to avoid over damaging the timber element. When 
considering these techniques, random sampling of the member location for extraction of 
specimens should be taken into account in order to obtain an accurate representation of the 
member strength (ASTM, 2000b; Kasal and Tannert, 2004). 
 
2.1.2 Destructive testing 
The direct assessment of mechanical properties of a structural size timber element can only 
be obtained through destructive testing, which for the assessment of existing timber 
structures is, more than often, not a valid option. However, in specific cases, it may be 
required that a precise mechanical characterization is obtained. In that case, selected 
members of the structure may be taken and mechanically characterized, even if the results 
have to take into account for a significant variation within different members of the same 
structure. 
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In the scope of this work, destructive tests were made regarding the calibration of 
models and also in order to obtain a database for property correlation. The specifications of 
the European norm EN 408 (CEN, 2010a) were considered. This norm specifies laboratory 
methods for determination of physical and mechanical properties of timber in structural 
sizes. Although this norm is not intended for grading or quality control, it provides a 
standardized framework to obtain basic material properties that may be complemented 
with grade determining features, given for instance by visual inspection, for strength class 
grading. 
For bending, this norm suggests the determination of a local modulus of elasticity, 
Em,l, and of a global modulus of elasticity, Em,g. The Em,l is measured in a central distance, 
while the Em,g is measured along the full span of the beam between supports. Bending 
strength is obtained attending the maximum load applied in a 4-point bending test. 
Discussion about 4-point bending tests is given in Brancheriau et al. (2002) while a 
comparison between Em,l and Em,g is addressed in Boström (1999) and Solli (2000). 
Test piece geometry and procedures to obtain stiffness and strength parameters for 
compression and tension parallel to the grain are also proposed in EN 408 (CEN, 2010a) 
for structural size cross sections, whereas ASTM D143-94e1 (ASTM, 2000a) is considered 
for small clear wood specimens. 
Comparison and correlation of destructive testing with NDT has long been subject of 
study (Barlett and Lwin, 1984), and still nowadays several efforts are employed for 
estimating the mechanical properties of timber by a combination of NDT and destructive 
testing (Branco et al., 2011; Calderoni et al., 2011; Faggiano et al., 2011; Ramundo et al., 
2011, Sousa et al., 2012). 
 
2.1.3 Structural grading 
Structural grading is the process by which timber is divided into groups (grades) that, in 
theory, possess similar structural properties. Structural grading may be performed using 
different techniques, such as: visual stress-grading, machine stress-grading or machine 
proof-grading. 
Initially, grading rules were implemented as a method to select and sort lumber 
within the sawmill production. Only after, these rules were applied for the evaluation of 
timber members in existing structures. Several efforts have been made in different 
countries to develop standards and guidelines that would allow for a consistent procedure 
for grading timber onsite. To achieve a significant level or reliability, these methods must 
ensure consistency and allow for repeatability of results, however, they are still not able to 
satisfactorily meet the full variety of different structural situations and local specifications. 
Usually these rules are, therefore, based on either industrial procedures or national 
standards. 
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Visual grading is the traditional process, through which a trained inspector/grader 
examines each piece of timber and attributes a classification regarding visually assessable 
parameters. Visual inspection is undertaken with consideration to the species of wood and 
to visual grading standards, which define rules as to characterize different types, size and 
position of physical characteristics that are allowed into each structural grade. Natural 
defects, such as knots, grain misalignment, decay, among other potential strength reducing 
characteristics, are often considered as limiting parameters according to their extent and 
number. In this basis, the highest grades allow fewer and smaller characteristics that may 
decrease the mechanical performance of the timber element. For example, in chestnut 
timber, knots are the most relevant characteristic regarding strength downgrading 
(Bonamini et al., 1998; Vega et al., 2012). A grading protocol for lumber and timber on 
historical structures was proposed in Anthony et al. (2009), which also accounted for 
visually assessable parameters. 
In Portugal, there is a lack of guidelines and standards regarding the visual 
stress-grading of timber elements onsite. In the case of grading elements in a sawmill 
before being used in construction, visual stress-grading is established for Pinus pinaster by 
NP 4305 (IPQ, 1995). In that standard, two structural grades are proposed corresponding in 
terms of mechanical properties attributes to classes C18 and C35 of EN 338 (CEN, 2009). 
However, for hardwoods still low information is available. In Spain, Eucalyptus spp. is the 
only hardwood structurally characterized (Golfín et al., 2007) and included in the Spanish 
visual grading standard UNE 56546 (AENOR, 2011) and in the European system of 
strength classes from visual grading by species EN 1912 (CEN, 2012). Spanish chestnut 
has not yet been included in this standard, however Vega et al. (2013) proposed a visual 
grading criteria for this specie. Chestnut timber from Italy has recently been included in the 
National Grading Standard UNI 11035-2 (UNI, 2003b) and incorporated in European 
standard EN 1912 (CEN, 2012), being allocated to strength class D24 (Brunetti et al., 
2009). 
Machine stress-grading is based on the results of bending tests made to each piece of 
timber (generally about its minor axis), performed by a machine automatic process. The 
machine measures the stiffness of the piece and uses an inputted correlation between 
stiffness and strength to assign a stress grade. The obtained value of stiffness may also be 
used to infer other structural properties, including tension, compression and shear strength. 
Machine stress-grading results in the sorting of timber on the basis of measured structural 
properties and thus is often perceived as more objective and efficient than visual grading 
methods. Modern grading machines are computer controlled and allow for the allocation of 
a grade to the whole timber piece based on the lower stiffness found along the length of the 
element. Overall, this technique allows for a better distinction and separation between 
different grades, with lower overlap of stiffness between adjacent grades. Also, it was 
concluded by Stapel and Kuilen (2013) that, when grading into more than two strength 
classes, machine stress-grading requires lower material safety factors than visual stress-
grading, as the latter presents higher coefficients of variation of the graded materials. 
However, machine stress-grading is influenced by the correlation used for strength 
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prediction which can sometimes be low, and consequently a larger overlap between the 
strength properties between grades may be achieved. After machine stress-grading, 
qualified graders inspect the elements visually and can downgrade the piece of timber if 
necessary. 
Although not as common as the visual grading and machine stress-grading, 
proof-grading is also performed by several mills to certificate the quality of their products. 
Proof-grading initiates with a preliminary sort of timber into different groups, regarding an 
accepted grading method. After, each sorted group is tested by application of a 
predetermined bending load, known as the proof load. Each target stress grade has its 
specific proof test. Loading is applied until reaching its proof stress value. 
The main differences with machine-stress grading concern the loaded axis, the 
method to define weak sections and the speed of operation. Proof-grading often considers 
loading of the major axis (on edge), while machine stress-grading considers the minor axis 
(on flat). Proof-grading also considers higher values of loading and finds weak sections by 
its failure, whereas machine stress-grading considers lower values of loading and finds 
weak sections by the presence of segments with lower stiffness. Due to these differences, 
proof-loading is a slower process than machine stress-grading. 
 
2.2 Semi-deterministic and safety factor methods 
Full deterministic procedures do not take into account the variability of either demand 
(load and exterior effects) or resistance (material stiffness, strength, geometry and 
structural configuration), and the uncertainty related to both parameters are provided by a 
single global safety factor. Although this procedure was firmly established on the past, 
nowadays it is considered obsolete for the evaluation of structural safety (Neves and Cruz, 
2001). Current methods and procedures for assessment and evaluation of structural safety 
are based on semi-deterministic approaches, such as the "safety factor" and the "partial 
safety factor" procedures. Within these procedures, safety is expressed as a deterministic 
measure since it results from the consideration of fixed (deterministic) values for both 
demand and resistance, usually considering the mean or characteristic values of those 
parameters. To that scope, values for resistance and demand are taken conservatively, such 
that, demand estimation is considered as sufficiently high and, the resistance estimation, as 
sufficiently low, to ensure an adequate safety level. 
A common method to define structural safety is by means of the safety factor, which 
is usually associated with elastic stress analysis requiring that (Köhler, 2007): 
where si (ψg) is the im applied stress component calculated at the generic point ψg in the 
structure, and spi is the allowable stress for the ith stress component. The allowable stresses 
( ) pigi ss ≤ψ  (2.5) 
30 Chapter 2 
 
 
spi are commonly derived from the reduction of the material strength as the ultimate 
moment, tension or compression stresses, sui, by the consideration of a safety factor φr: 
This safety factor may be selected taking into account results from empirical 
observations, prior experience, economic and social consequences. In this case, failure of a 
structure is considered when the calculated ith elastic stress si (ψg) component is equal to 
the local permissible stress component spi.  
Another, common method to define structural safety is the load and resistance 
factors, which is actually a derivation from the allowable stress format. In this method, the 
limit state function can be expressed at the level of stress resultants as (Köhler, 2007): 
where rk is a characteristic member resistance, γR is the partial factor on rk and sG,k , sQ,k are 
the characteristic permanent and variable load effects, respectively, with associated partial 
factors γG and γQ, and zd is the design value. Characteristic values are commonly defined in 
design codes, corresponding to fractile values of the underlying distribution of the 
associated parameter. 
In Europe, the Eurocode 5 describes several procedures based on the concept of limit 
states (both ultimate and serviceability) and partial safety factors, for the design of new 
timber constructions. In this case, the properties of timber are selected in correspondence 
to a selected stress-grading technique and, then, the design values are derived from the 
mechanical properties of each specific grade or class. The uncertainty on the material 
properties is considered by use of characteristic values for the mechanical properties, taken 
as the 5th percentile of its probability distribution, and by the application of a safety factor 
for the material property, γM. This safety factor also takes into account the model 
uncertainties, dimensional variations and the possibility of an unfavourable deviation from 
the characteristic value. 
In Eurocode 5, the design value for wood strength also takes into account the effect 
of moisture content and load duration by use of different partial safety factors, as: 
where Xd is the design value of a material property, k1 is the partial safety modification 
factor taking into account the effect of load duration and moisture content, that can be 
either k1 = kmod for strength or k1 = 1/(1 + kdef) for stiffness properties, γR is the material 
ruipi φss =  (2.6) 
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partial safety factor, Xk is the characteristic or mean value of timber strength or stiffness, 
respectively, and kh is a size factor. 
Although its simplicity of use, the procedure of Eurocode 5 may not be recommend 
to existing timber structures evaluation as it may be over-conservative, regarding 
traditional construction techniques. As mentioned by Machado et al. (2011), in the case of 
onsite timber elements, a factor considering the conservation level of the structures, kcon, 
regarding degradation by fungi or insects with implication in the reduction of the material 
properties, and a factor considering aging, ka, regarding the physical and mechanical 
deterioration of the timber materials due to time in service, should also be considered, as: 
where kcon is the partial safety factor for reduction of wood properties due to conservation 
level, and ka is the partial safety factor for reduction of wood properties due to time in 
service. 
Aiming at the definition of the mechanical properties of existing timber structures, 
Machado et al. (2011) also evidences the procedure outlined in Figure 2.7, which combines 
the evaluation of the mechanical properties by stress-grading with the use of modification 
factors in a comparable procedure to the Eurocode 5. 
 
Figure 2.7: Current factors used to define the mechanical performance of timber elements 
onsite (adapted from Machado et al., 2011). 
aconhk
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2.3 Reliability assessment 
In the past decades, an increasingly interest in reliability for civil engineering structural 
concepts is visible, mainly to higher computational performances and lower time costs that 
are now available. Also the possibility of implementing a certain degree of randomness and 
uncertainty to structural problems, when considering a stochastic analysis, is also an 
advantage. Generally, the probabilistic design method may be considered more rational 
and consistent than the partial factor design and, as mentioned by Vrouwenvelder (1997), 
there is a tendency to use probabilistic methods not only as a background for codes, but 
also directly in the assessment of special or important existing structures, as well as under 
design. 
The concept of structural reliability may be defined by the evaluation of the 
probability of a determined limit state function being violated. The basic reliability 
problem may essentially be assumed, in probabilistic terms, to be how a certain structure 
will perform its functions, on a specific period of time and according to defined conditions 
(Schneider, 1997). Thus, it is possible to define a probability of failure, pf, as the 
complementary probability to the definition of reliability, consequently obtaining a 
quantifiable parameter for the evaluation of a structure’s safety. 
In a structural reliability problem, the random variables that define and characterize 
the behaviour of the structure are called basic variables (e.g. cross section dimensions, 
density, strength values, applied loads). When choosing the necessary basic variables in 
order to define a given problem, one must try to find independent variables, although that 
is not always possible. Modelling of these variables is possible through probability 
distributions depending on the available information about them, and also their statistical 
parameters have to be chosen carefully. After obtaining a structural model, this must be 
confronted with existent information so it can be improved or revised. In the eventuality of 
insufficient information to describe the probabilistic function or to corroborate the 
proposed model, one might use a representative expected value, so-called estimate point 
or, of most likelihood. 
The failure of a structural element is considered when the value of its resistance R is 
exceeded by the value of the load effect S resultant of a determined loading Q, on that 
specific element. Therefore, pf may be assumed as the probability that the structural 
resistance R, modelled by a random variable with a known probability function fR (r), being 
inferior or equal to the load effects S, equally modelled by a random variable with a known 
probability function fR (s). According to this definition, the probability of failure may be 
expressed by one of the following ways (Melchers, 1999), which also shows that the limit 
state function can be formulated in different mathematical ways: 
( )SRPp ≤=f
 
(2.10a) 
( )0≤− SRP
 
(2.10b) 
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(2.10c) 
( ) ( )( )1lnln ≤− SRP
 
(2.10d) 
( )[ ]0, ≤SRgP
 
(2.10e) 
where g( ) defines the limit state function which probability of violation is identical to the 
probability of failure. The safety margin M is consequently stated by: 
When both R and S are given by normal random variables, with means µR and µS and 
variances 2Rσ  and 2Sσ , respectively, the probability of failure according to Cornell (1969) 
may be stated as: 
where β = µM/σM is defined as reliability index and Φ ( ) represents the standard normal 
distribution function. In this case, it is visible that pf increases when either one of the 
variances increase or when the difference between means of R and S decreases. 
The basic concept of structural reliability accounting the random variables R and S 
with respective distributions fR(x) e fS(x), is presented in Figure 2.8, as well as the 
distribution that characterizes the safety margin M, where the failure region M ≤ 0 is 
presented in shadowed. 
 
Figure 2.8: Structural reliability basic problem and safety margin distribution (adapted 
from Schneider, 1997). 
Through the graphical representation of the reliability index β, its definition can be 
inferred as the number of times the standard deviation may be included between the mean 
of M and the origin. The relation between β and pf, according to Equation 2.12, is shown 
for different values in Table 2.7. 
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Table 2.7: Relation between β and pf according to Equation 2.12. 
Probability of failure: pf 10-1 10-2 10-3 10-4 10-5 10-6 10-7 
Reliability index: β 1.28 2.32 3.09 3.72 4.27 4.75 5.20 
When the stochastic variables are non-normally distributed or the failure function is 
not too non-linear, the probability of failure may be stated as: 
where Φ( ) is the standard normal distribution function. 
The stochastic reliability methods due to their probabilistic nature, when applied to 
structural engineering problems, allow considering a large amount of information about the 
basic variables involved in the safety assessment of an existing structure. In structural 
reliability applications, often is necessary to consider the characteristic values of demand 
and resistance, and thus in the large majority of cases the solution is found in the 
probability distribution extremes. This type of problems is usually denominated as tail 
sensitivity problem. Accounting this premise, it is verified that pf is extremely sensitive to 
the probabilistic parameters chosen for the probability distribution, and thus the importance 
of correctly define and calibrate the probabilistic model according to the existing data. 
Regarding the assessment of timber components, Köhler et al. (2007) considered an 
ultimate limit state equation for a cross section subjected to stress in one particular 
direction, as: 
where zd is a design variable, e.g. cross section area, R is the resistance, e.g. tension 
strength and bending moment capacity, ΣSi is the sum of all possible load effects, e.g. axial 
stresses, XM is the model uncertainty.  
Also, serviceability limit state equation (Köhler et al., 2007), such as when a 
deflection exceeds an allowable deflection limit, can be expressed as: 
where δL is the allowable deflection limit, ( )∑∆ tESW ,, mean0,i  is the deflection in time t, 
dependant on load effects ∑ iS and modulus of elasticity E0,mean. 
In order to design both for ultimate and serviceability limit states, diverse target 
reliability indices are established for various structural situations by considering different 
consequence classes, reference periods of time and relative cost of safety measures. The 
European standard EN 1990 (CEN, 2002), also known as Eurocode 0, refers three 
( )( ) ( )β−Φ≅≤= 0f XgPp  (2.13) 
∑−⋅⋅=
i
SXRzg iMd
 
(2.14) 
( ) ( ) 0,, Mmean0,iL =⋅−= ∑∆ XtESWtg δ  (2.15) 
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reliability classes RC1, RC2 and RC3 associated with three consequence classes CC1, CC2 
and CC3. The definition of the three reliability classes is given in Table 2.8, and the 
correspondent minimum target values for the reliability index β regarding ultimate limit 
states are stated in Table 2.9. RC is normally related directly to CC. 
Table 2.8: Definition of consequence classes (adapted from CEN, 2002). 
Consequence 
classes Description 
Examples of buildings and 
civil engineering works 
CC1 
Low consequence for loss of human life, 
and economic, social or environmental 
consequences small or negligible 
Agricultural buildings where 
people do not normally enter, 
greenhouses 
CC2 
Medium consequence for loss of human 
life, economic, social or environmental 
consequences considerable 
Residential and office 
buildings where consequences 
of failure are medium 
CC3 
High consequence for loss of human life, 
or economic, social or environmental 
consequences very great 
Grandstands, public buildings 
where consequences of failure 
are high 
 
Table 2.9: Recommended minimum values for reliability index β for ultimate limit 
states (adapted from CEN, 2002). 
Reliability Class 
Minimum values for β 
1 year reference period 50 year reference period 
RC1 4.2 3.3 
RC2 4.7 3.8 
RC3 5.2 4.3 
 
2.3.1 The Probabilistic Model Code 
When performing a full probabilistic analysis, often insufficient data is available to make 
objective estimates and, consequently, subjectivity is increased in the procedure. To that 
purpose, there is a need for codes which allow and provide a sufficient guidance in terms 
of probabilistic models. Therefore, these codes should (Vrouwenvelder, 1997): 
- provide a complete and consistent set of models and methods allowing for a 
probability based decision and design; 
- be written in a code-type manner, such that unique solutions for each problem 
are anticipated, and where physical or statistical evidence is not sufficient to 
provide unique solutions, rules should be specified on the basis of agreement; 
- be an operational guideline intended for use in the context of probability based 
expertise. 
36 Chapter 2 
 
 
In this scope, the Joint Committee for Structural Safety, JCSS, proposed the 
elaboration of a probabilistic based code after several preliminary studies (JCSS, 2000). In 
the past decade, the JCSS issued a document regarding the probabilistic model code (PMC) 
for timber structures, where stochastic resistance models for timber as a construction 
material are specified (JCSS, 2006). The stochastic models that characterize the 
mechanical properties of timber are described in that document, where from the knowledge 
of some specific properties, considered explicitly, one may obtain the others implicitly. 
Therefore, a full and precise application of this code requires the capability to predict these 
properties. The explicitly considered properties are defined as reference properties or also 
so-called key properties. These properties are generally chosen in accordance with visual 
stress-grading (Machado et al., 2011) or from tests carried with similar material (Toratti et 
al., 2007). In the case of the PMC, these properties are the bending strength fm, bending 
modulus of elasticity Em, and density ρm. The other resistance properties of timber can be 
defined based in the key properties through empirical expressions. 
The models and values present in the PMC (JCSS, 2006) are intended as generic 
models in the case no further detailed information is available. If further information is 
obtainable, the information in the code may be considered as the prior information in a 
Bayesian updating process. 
 
2.3.2 Hierarchical Modelling 
Research on multi-scale hierarchical modelling has evidenced increased interest in the field 
of mechanics in the recent decades, and also in the field of wood products and timber 
engineering. One of the main motivations for hierarchical modelling is to understand how 
properties, composition and structure at lower scale levels may influence and be used to 
predict the material properties on a macroscopic and structural engineering scale (Burgert, 
2006; Salmén and Burgert, 2009; Hofstetter and Gamstedt, 2009). 
 
Hierarchical levels 
Wood is a natural material that by itself has its own hierarchical structure, comprising its 
cellular components (Lakes, 1993). In this case, the hierarchical order of wood (as a solid 
material structure) is defined as the number of levels of scale with recognized structure. 
Hierarchical modelling requires the distinction and differentiation between different 
scales, such that a homogenization step may be taken to each of those scales in order to 
define similar properties within a given scale (Hofstetter and Gamstedt, 2009). In a 
microscopic level, multi-scale modelling can be considered by linking ultra-structural 
composite models, laminate cell wall models, cellular mechanics and layered models for 
the early wood and latewood structure. Although simpler for softwoods, the strong 
influence of ray cells makes the hierarchical modelling more difficult for hardwoods 
(Badel and Perré, 2007). In an analogous way, the presence of defects such as knots makes 
Methodologies for safety evaluation of existing timber structures 37 
 
 
 
the analysis on the structural macroscale even more difficult, often requiring the need for 
detailed finite element models that account for inhomogeneities (Foley, 2001). In these 
cases, special attention should address the problem of separating distinct levels (or 
segments) with different length scales, when influenced by structural defects. 
In Köhler (2007), the hierarchical levels of timber were defined regarding the 
structural member as the main unit of analysis. In that case, three levels were defined: 
micro (material), meso (local) and macro (global). The description of each one is given, 
from higher to lower size scale, as follows and also represented in Figure 2.9: 
- macro level: refers to timber of different origins and graded in different grading 
schemes into specific grade classes. Each single timber grade may evidence 
differently distributed material properties and the variability of the distribution 
parameters represent a global parameter variable. Parameter variations may 
also be due to statistical uncertainties; 
- meso level: refers to the variations between timber test specimens or 
components of one specific sub-population. Parameter variation may be 
reduced by information from mechanical tests, where the scale of the test 
specimens is in the same order as the size of a structural member; 
- micro level: includes the representation of the inhomogeneities and 
irregularities in the timber material itself. The natural variability of timber, 
such as random distribution of knots and grain deviation, is included in this 
level often by distinguishing clear wood segments and weak sections. 
macro meso micro 
 
sequence of lots 
 
 
 
lot of structural elements / test 
specimen 
structural element / test specimen 
sequence of weak sections 
  
 
 
 
 
 
 
 
Figure 2.9: Different scales of modelling for timber material properties (adapted from 
Köhler, 2007). 
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Spatial variability 
At the micro level described by Köhler (2007), several attempts have been made to 
hierarchically model the stiffness and strength of timber members, by considering the 
presence of weak sections separated by segments of clear wood (Riberholt and Madsen, 
1979; Isaksson, 1999; Fink and Köhler, 2011; Machado and Palma, 2011). 
In Riberholt and Madsen (1979), it is mentioned that low bending strength and 
stiffness are prone to coincide with the presence of knots or group of knots. Therefore, it 
was assumed that failure would inevitably occur in such one of those individual weak 
sections. According to that premise, an idealized model is proposed assuming the discrete 
distribution of knots and group of knots as the discrete distribution of weak sections that 
are separated by strong segments of clear wood (Figure 2.10). 
a) 
 
b) 
Figure 2.10: Bending strength of a timber beam: a) implied reality; b) proposed model 
(adapted from Riberholt and Madsen, 1979 and Köhler, 2007). 
In this model, the strength of weak sections is equicorrelated, meaning that the 
correlation between the strength of weak sections is independent on their distance over the 
length of the structural element. Also, the failure of the element is considered equal to the 
failure of one of the individual weak sections, therefore evidencing a series system 
behaviour (Ditlevsen and Källsner, 1998). The strength of the weak sections is modelled 
by a random variable considering the measurements of indirect indicators (such as bending 
stiffness) or by existing strength tests according to EN 408 (CEN, 2010). Meanwhile, the 
location of the weak sections is determined by a Poisson process attending to direct 
measurements of the distances between knots. 
The mentioned model was later applied for the variation of bending strength 
properties by Czmoch (1991), regarding the length and load configuration effects on 
beams. However, it was concluded that the available experimental information was unable 
to verify the parameters of the proposed model. This problem was further addressed by 
Isaksson (1999), where a model was proposed for evaluation of bending strength within 
and between members. As mentioned previously, timber properties present spatial 
variability, thus the value of strength in one point of an element may not be the equal when 
compared with another point of the same element. Following in a model proposed by 
Isaksson (1999), the bending strength fm,ij, at a particular point j in the component i of a 
structure/batch has a lognormal distribution and is given as: 
micro level: structural element defect 
clear wood 
bending strength: reality 
bending strength: model 
Methodologies for safety evaluation of existing timber structures 39 
 
 
 
( )ijiijm, exp χϖν ++=f  (2.16) 
where ν is the unknown logarithm of the mean strength of all sections in all components 
(see Figure 2.11a), ϖi is normal distributed with mean value equal to zero and standard 
deviation σϖ and represents the difference between the logarithm of the mean strength of 
the sections within a component i and ν, χij is normal distributed with mean value equal to 
zero and standard deviation σχ  and represents the difference between the strength weak 
section j in the beam i and the value ν + ϖi, χij. The parameters ϖi and χij are statistically 
independent. In the case of this model the strength of the strong sections is equal to the 
strength of the strongest weak section in the timber member, whereas in the PMC (JCSS, 
2006) the bending strength of a cross section, fm,0, may be related with the bending strength 
of a test specimen fm,t, as: 
ϑ
tm,m,0 ff =  (2.17) 
where ϑ  is a constant depending on the applied bending test standard and the type of 
timber and can be obtained by simulation (Köhler, 2007). The bending moment capacity, 
fm,0, is assumed to be constant within one section, but not necessarily between sections 
(Figure 2.11b). 
 
 
 
a) b) 
Figure 2.11: Section model for the longitudinal variation of bending strength, with 
strength of the strong sections equal to: a) the strength of the strongest weak 
section; b) the strength of bending specimen (adapted from Isaksson, 1999 
and JCSS, 2006). 
With concern to Nordic spruce, the following conclusions were made by Isaksson 
(1999): 
- the variation of the logarithm of the bending capacity ln(fm,0) was related by 
40% to the variable ϖ and by 60% to the variable χ. The expected length of a 
section was 480 mm; 
- the different values for ϑ  were due to the different definitions of bending 
strength of test specimen; 
- for bending modulus of elasticity and for density no within component 
variation was assumed. 
ν χij 
xj 
ln(bending strength) 
ln(bending strength) 
ϖi 
ϖi 
χij ln(fm,ij) ln(fm,ij) 
ν 
ln(fm,i,max) 
longitudinal direction of the beam 
longitudinal direction of the beam 
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In Fink and Köhler (2011), a hierarchical model was built for the multi-scale 
variability of stiffness that included an explicit representation of the stiffness variability 
between timber boards (meso scale) and the stiffness variability within boards (micro 
scale). All parameters of the hierarchical stiffness model were estimated based on a sample 
of 30 randomly selected timber boards within the strength class L25 of Norway spruce 
grown in southern Germany. 
In this study, the definition of knot sections length was initially modelled by a shifted 
log-normal distribution, however, due to model simplification, a weak section unit length 
of 150 mm, with an associated gamma distribution, was used instead. The hierarchical 
model was composed of three components: a model for stiffness of weak sections (WK); a 
model for clear wood sections (CWS); and the correlation between them (cor), described as 
follows: 
( ) { }
( ) { }
( )



=
=++
=++
787.0,
1-n2,4,6,...,jfor ,exp
n1,3,5,...,jfor ,exp
MOE
CWSi,WSi,
CWSij,CWSi,CWS
WSij,WSi,WS
ij
ττ
ετµ
ετµ
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(2.18) 
where MOEij is the MOE of either the weak section (WS) or of the clear wood section 
(CWS) of the section j in a board i (with a lognormal distributed random variable), µ is the 
logarithm mean of all WS or CSW within a sample of boards (deterministic value), τi is the 
difference between logarithm mean of all sections (either WS or CSW) within one board i 
and µ (modelled as a normal distributed random variable with mean zero and standard 
deviation σi), εij is the difference between sections j (either WS or CSW) in a board i and 
the logarithm mean of all sections (either WS or CSW) within one board i (modelled as a 
normal distributed random variable with mean zero and standard deviation σj). These 
parameters may be estimated using the maximum likelihood method. 
In Machado and Palma (2011), also a hierarchical model for inferring the reference 
properties of timber was proposed by considering the distinction between clear and knot 
wood zones. This work, however, presented a framework for timber members in service 
and thus differentiated from the previously mentioned. The model procedure is based in 
three main steps: i) visual identification of clear and knot wood zones; ii) non-destructive 
prediction of the properties of clear wood zones; iii) prediction of the reference materials 
using clear wood properties and applying a knot factor for predicting the strength reduction 
effect of knots on those clear wood properties. 
The application of this procedure to maritime pine timber beams evidenced a good 
relationship between experimental and predicted global modulus of elasticity (r2 between 
0.76 and 0.55). Nevertheless, for bending strength weaker results were obtained, 
evidencing the need for improvement in the method for determining the strength reduction 
effect of weak zones. 
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Size effect 
Accounting the same scale level, also the dimensions of a specific timber element affect 
the strength, since there is higher probability of having a weaker section for an element 
with higher length or also, in general, with any increase of cross section dimensions. When 
the strength parameter is described by a Weibull distribution, the probability of failure may 
be stated as: 
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(2.19) 
where aW is the scale factor, bW the location factor and ks shape factor. 
Generally it can be shown that the following relationship will apply between two 
volumes V if the location factor is set to zero: 
sk
V
V






=
2
1
1
2
σ
σ
 
(2.20) 
where σ1 and σ2 are the stresses causing failures for volumes V1 and V2, respectively. 
In Eurocode 5 (CEN, 2004), a factor kh is applied, when heights in bending or widths 
in tension of solid timber are less than 150 mm, to increase the strength characteristic 
values of fm,k and ft,0,k, respectively. This value is given as: 

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150
min
2.0
h hk  (2.21) 
where h is the depth for bending members or width for tension members, in mm. 
Also in standard EN 1194 (CEN, 1999) size factors, ksize, are considered for 
destructive tests. Those factors are due to the probability of defects in a given element. In 
bending, if the element dimensions are inferior to the reference dimensions of width b and 
height h (b = 150 mm; h = 600 mm) then the test results must be multiplied by: 
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(2.22) 
In tension, if the element dimensions are inferior to the reference dimensions of 
height h and length l (h = 150 mm; l = 2000 mm) then the test results must be multiplied 
by: 
1.01.0
size 2000150 




⋅





=
lhk
 
(2.23) 
 
42 Chapter 2 
 
 
2.3.3 Data updating methods 
When assessing existing structures a manifold of information may be gathered from 
several distinct sources, which may be available or can be made available at a given cost. 
Qualitative together with quantitative information may allow defining the general 
condition of an existing structure, such as: 
- the structure's level of deterioration (if the structure has survived till present 
days); 
- the structure's level of damage; 
- material and physical characteristics; 
- geometrical surveying; 
- load bearing capacity by load tests or similar; 
- static and dynamic response (natural frequencies, modal shapes, damping 
coefficient, etc.). 
A description about the steps to be taken in an onsite assessment of historic timber 
structures is further discussed in Cruz et al. (2013). 
In the assessment of existing structures, this new information can be taken into 
account and combined with prior probabilistic models and then resulting in so-called 
posterior probabilistic models. However, not all structures are suitable for every type of 
inspection technique. Historical structures, due to their social and cultural value are not 
prone to invasive or non-reversible inspection techniques. For those structures, the 
following phases should be accomplished in order to obtain a full inspection and diagnosis, 
and consequently to gather data for model updating (Ramos, 2010): historic survey; visual 
inspections; foundations inspection; NDT; SDT; load tests; monitoring; structural analysis; 
report with the conclusions and recommendations for the intervention / maintenance. 
Regarding design assisted by results taken from testing, Annex D of Eurocode 0 
(CEN, 2002) provides different procedures to statistically determine a single property, in 
terms of design and characteristic value, and also provides information to statistically 
determine resistance models with use of additional prior information. 
The next subtopics are related to implementation techniques required to update data 
into stochastic models for reliability assessment. 
 
Bayesian methods 
In the Bayesian probability methods, probabilities are considered as the best possible 
expression of the degree of belief in the occurrence of a certain event. The Bayesian 
probabilistic approach does not consider that probabilities are direct and unbiased 
predictors of occurrence frequencies that can be observed in practice. The only 
consideration is that, if the analysis is carried out carefully, the probabilities will be correct 
if averaged over a large number of decision situations (Vrouwenvelder, 2002). To fulfil 
that consideration it is necessary that the subjective and purely intuitive part is neither 
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systematically over conservative nor over confident. Therefore, calibration to common 
practice on the average and to empirical data may be considered as an adequate path to that 
aim. 
Throughout their lifetime, structures change due to many aspects from natural causes 
(such as material deterioration, environment exposure and long term effects of loads in 
structures), to human decisions (such as modification of the structure or change of use) or 
even by accidental actions, only to point a few. Thus, the assessment of existing structures 
should be regarded as a successive process of model updating and consequent evaluation 
regarding new information. The Bayesian probabilistic assessment for structures is 
illustrated schematically in Figure 2.12. 
The JCSS PMC (JCSS, 2000) concludes that, compared to the frequentistic 
interpretation, the Bayesian interpretation is the only one that makes sense in the end, as it 
overcomes the difficulties of updating distributions when more statistical data is available. 
The Bayesian interpretation overcomes these difficulties and provides the most logical and 
useful framework for consistent decision making when uncertainties are present 
(Vrouwenvelder, 2002). 
 
Figure 2.12: Bayesian probabilistic assessment for structures (adapted from Diamantidis, 
2001). 
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When the source of new information is given by observation of events described by 
one or more stochastic variables, the observed events are modelled by an event function h 
introduced as: 
( )XhH =  (2.24) 
where the event function h corresponds to the limit state function. The actual observations 
are considered as realizations (samples) of stochastic variable H. These observations are 
then modelled by comparison with a certain limit by inequality events, such as H ≤ 0, or by 
equality events, such as H = 0. 
When inequality events are used, the updated probability of failure, Ufp , is estimated 
by: 
( ) ( )( ) ( ) ( )( )( )( )0
000|0
≤
≤∩≤
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XhP
XhXgPXhXgPpUf  (2.25) 
where M = g(X) is the safety margin related to the limit state function g(X) and 
X  = (X1,...,Xn) are stochastic variables. 
When equality events are used, the updated probability of failure, Ufp , is estimated 
by: 
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(2.26) 
For reliability evaluation of both inequality and equality events it is possible to 
implement either simulation or first order reliability methods (FORM). 
Bayesian methods allow quantifying an approximation about the statistical 
uncertainty related to the estimated parameters, regarding both the physical uncertainty of 
the considered variable as well as the statistical uncertainty related to the model 
parameters. Therefore, they offer a suitable method for parameter estimation and model 
updating. However, for making this possible, it is necessary to take into account the 
measurement and the model uncertainties in the probabilistic model formulation. Since 
Bayesian methods grant the opportunity to incorporate different considerations about the 
uncertainty of models in the upgraded stochastic model, the comparison between different 
reassessment engineers’ results may be regarded as a problem, such that a consensus about 
a comparison basis has not yet been established. 
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Prior, posterior and predictive distributions 
When samples or measurements of a stochastic variable X are provided, the probabilistic 
model may be updated and, thus, also the probability of failure. Considering a stochastic 
variable X with density function fX (x), and if q denotes a vector of parameters defining the 
distribution for X, the density function of the stochastic variable X can be derived as: 
( )qxf ,X  (2.27) 
In the case that X is normally distributed then q may enclose the mean and the 
standard deviation of X. When the parameters q are uncertain then fX (x,q) can be 
considered as a conditional density function: fX (x|Q) and q denotes a measurement of Q. 
The initial density function for the parameters Q is denoted fQ′ (q) and is termed the prior 
density function. 
Taking into account the source of new information, it is assumed that n observations 
or measurements of the stochastic variable X are available making up a sample
( )n21 ,...,, xxxx )))) = . Each measurement is assumed to be independent. The updated density 
function fQ′′ (q| x)) of the uncertain parameters Q given the realizations is denoted the 
posterior density function and is given by: 
( ) ( ) ( )( ) ( )∫ ⋅
⋅
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(2.28) 
where ( ) ( )∏
=
=
N
1 XN || i i qxfqxf ))  is the probability density at the given observations 
assuming that the distribution parameters are q. The integration in Equation 2.28 is over all 
possible values of q. Then the updated density function of the stochastic variable X given 
the realization x is denoted the predictive density function and is defined by: 
( ) ( ) ( )∫ ⋅= q||| ''QXX dxqfqxfxxf ))  (2.29) 
Given the distribution function for the stochastic variable X, the prior distribution is 
often chosen such that the posterior distribution will be of the same type as the prior 
distribution. 
According to the type of existing and new information, different types of 
distributions may be attributed to characterize these data. Depending of the sensitivity and 
experience of the reassessment engineer responsible for the reliability analysis, different 
assumptions may be taken. On one hand, the information must be considered in such way 
that it is described appropriately and accurately. On the other hand, data must also be 
considered properly so the costs of computation and processing are equivalent to the 
importance of the analysis. Therefore, prior and posterior distributions are many times 
chosen accordingly to the data available and to the importance of the analysis. Normal or 
also called Gaussian distributions are often used for that purpose, and so an example will 
be considered further on (Annex A). 
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In Annex D of Eurocode 0 (CEN, 2002), information is provided for several 
procedures mainly related to design assisted by testing. In this topic, focus will be given 
for the general principles for statistical evaluations regarding the determination of single 
properties and resistance models. In Eurocode 0 (CEN, 2002), normal distributions are 
often used, however, in general this may lead to conservative results. The choice of other 
distributions, such as lognormal or Weibull, will eventually give more suitable results if 
their use may be justified on basis of previous experimental experience. Regarding the 
generalized use of normal distributions, an example for a resistance model is given in 
Annex A. 
 
2.3.4 Bayesian Probabilistic Networks 
A Bayesian Probabilistic Network (BPN) is a probabilistic modelling method which allows 
a consistent and robust reasoning within a complex system with uncertain knowledge. 
BPNs are used to represent knowledge upon a system based on Bayesian regression 
analysis describing the causal interrelationships and the logical arrangement of the network 
variables. In that scope, they provide a causal and graphical mapping representation of the 
system properties and features, as they explicitly define the dependency among variables, 
see e.g. Pearl (1988), Jensen and Nielsen (2007) for general introduction and Aguilera et 
al. (2011) and Weber et al. (2012) for advantages and disadvantages of this method 
compared to other techniques. 
The common representation of a BPN consists in a directed acyclic graph (DAG), 
composed by a set of nodes, representing each system variable, connected by a set of 
directed edges, linking the variables as regards to their dependency or cause-effect 
relationship. The causal relationship structure of a BPN is often described by family 
relations that, as mentioned by Bayraktarli et al. (2005), differentiates child node variables 
with ingoing edges (effects), from parent node variables with outgoing edges (causes). A 
(parent) node without any ingoing edges, thus without any parent node converging to it, is 
often called a root node. The direction-dependent criterion of connectivity, called 
d-separation, evidences the induced dependency relationship among variables and 
according to different arrangements are defined as converging, diverging or serial (or 
cascade) (Pearl, 1988). Experts often promptly assert the causal relationships among 
variables in a domain, using those premises to construct the BPN without pre-ordering the 
variables in different levels. In almost all cases, by doing so results in a BPN whose 
conditional-independence implications are accurate (Heckerman and Breese, 1996). Each 
variable node represents a random variable, which is either defined as a continuous random 
variable or as a finite set of mutually exclusive discrete states (intervals). In a BPN it is 
possible to coexist different nodes with either continuous or discrete variables, in so called 
hybrid BPNs (e.g. Lauritzen, 1992; Moral et al., 2001; Neil et al., 2008; Langseth et al., 
2009).  
The main objective of a BPN is to calculate the distribution probabilities regarding a 
certain target variable, by carrying out the variables' joint distribution factorization based 
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on the conditional interrelationships within a generic algorithm developed for that purpose. 
In this light, the DAG is the qualitative part of a BPN, whereas the conditional probability 
functions serve as the quantitative part. Therefore, the algorithms themselves are 
indifferent to the scope for which the BPN is employed, and thus have been employed in 
several different real-world problems including diagnosis, forecasting, automated vision, 
sensor fusion, manufacturing control, and information retrieval (Heckerman et al., 1995). 
A review of application of BPNs in environmental modelling is found in Aguilera et al. 
(2011), while a review in BPNs applications on dependability, risk analysis and 
maintenance is provided by Weber et al. (2012). The applicability and framework for 
construction of BPNs in the field of reliability analysis has been addressed in e.g. Langseth 
and Portinale (2007) and Marquez et al. (2010). 
Dynamic BPNs have also been implemented as to incorporate a time dimension, 
mainly by adding a direct mechanism for representing temporal dependencies among the 
variables, see e.g. Allen (1981) and Ghahramani (1998). Dynamic BPNs have also been 
extended to the modelling of deterioration as reported in Straub (2009), while aspects of 
optimization inspection and maintenance decision regarding deterioration have also been 
addressed by BPN analysis in e.g. Friis-Hansen (2000), Attoh-Okine and Bowers (2006) 
and Montes-Iturrizaga (2009). 
In the case discrete states are used, each random variable is defined by conditional 
probability tables, with the exception of nodes without parents which, in that case, are 
defined by their marginal probabilities. Taking as example a converging BPN with two 
parent nodes (A and B) with corresponding marginal probabilities P(Ai) and P(Bi) for each 
given state i (i = 1, 2, 3,... n with n = number of states), the conditional probability of the 
child node (C) given states of A and B is calculated as: 
( )BACP ,
 
(2.30) 
The joint probability of all nodes is then calculated by the multiplication of the 
conditional probabilities of the individual nodes, as: 
( ) ( ) ( ) ( )BPAPBACPBACP ⋅⋅= ,,,
 
(2.31) 
The marginal probabilities of the child node C are obtained by the sum of the 
individual joint probabilities in every state, as: 
( ) ( )∑ ∑=
A B
BACPCP ,,  (2.32) 
One of the main advantages of BPNs is that information may be easily implemented 
to the network allowing for an update of the target variable. By instance, if information 
about the state of a parent node is known with certainty, then is referred that an evidence, 
e, is given in that state. Back to the example of the converging BPN, considering that 
information is given to the state of parent node A by evidence eA as it belongs to state 1 
(i = 1), therefore A = A1 and the probability P(A1) = 1, the probability distribution of the 
remaining variables of the network can be updated following Bayes theorem, as: 
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By application of Equation 2.33 the posterior joint probabilities are obtained 
regarding the prior given evidence. The previous equations can also be extended to 
converging BPNs with more than two parent nodes, or even to diverging or serial BPNs, 
being most often found that complex engineered systems are composed by the combination 
of smaller BPNs with these different arrangements. The arrangement of the nodes and 
smaller BPNs in different levels allows for a hierarchical modelling of the system at study. 
To that aim, Bayesian hierarchical models are employed such as the causal relationships 
between nodes of different levels are first established globally based on scientific 
knowledge without specifying the probabilistic characteristics of the variables or assuming 
weak prior distributions (Nishijima et al., 2009). The parameters of the variables may after 
be estimated or updated using observed data. BPNs have been used to address hierarchical 
modelling in several works, such as Neil et al. (2008), Gyftodimos and Flach (2002) and 
Gyftodimos and Flach (2004), while multilevel system reliability is studied in Wilson and 
Huzurbazar (2007). In timber engineering, hierarchical modelling by use of BPNs has been 
considered in Deublein et al. (2011), to describe the influence of different origins or 
dimensions of sawn structural timber on the relevant timber material properties conditional 
on indicator values assessed by machine stress-grading. 
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Chapter 3 
Multi-scale characterization of chestnut 
timber elements 
 
 
ABSTRACT: The purpose of this chapter is to compile a database on the mechanical 
properties of chestnut timber elements with respect to different testing procedures and size 
scales. Special attention is given to the visually assessable parameters and its influence in 
the bending MOE variation within members (meso scale) and within a same member 
(micro scale). Characterization of the mechanical properties in stress parallel to the grain 
are also provided regarding small clear wood specimens, in order to evaluate its 
relationship to the reference properties. 
For these purposes, a multi-phase experimental campaign, conducted to twenty old 
chestnut beams (Castanea sativa Mill.), and its results are presented and analysed. 
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3.1 Sample and general adopted procedures
The more than a century old chestnut (
from a building in the city of Braga, Northern Portugal, where they served as simply 
supported structural floor beams, in both endings, by granite masonry walls (Figure 3.1). 
The floor itself consisted in a traditional solut
surface of the beams by iron nails. These beams were selected since they presented a state 
of conservation commonly found for existing timber structures.
 
a) 
Figure 3.1: Original location of the timber 
Portugal; b) construction site.
Attending to oral statements, the wood beams were initially placed in the building in 
the beginning of the first decade of the XIX century and did not undergo any major 
rehabilitation or retrofitting action. After being removed from the construction site, the 
beams were then taken to a material deposit where they were marked (with a capital letter 
A to T) and visually inspected. As the timber beams were removed from the building, it
was possible to assess all the faces of the beams, which often is not possible for an 
evaluation.  
Following the initial visual inspection, the exterior degradation (signs of decay by 
biological attack) was removed and afterwards mechanical 
regarding different size scales of the elements. From one to the next experimental phase, 
the timber elements were sawn into smaller sizes in order to isolate the influence of defects 
and better define their relationship to a more
along the length and height of the timber element.
Firstly, the timber members were cut to 7×15×300
marked on seven segments (1 to 7) of 40
accounted. Then 4-point bending tests, according to EN 408 (CEN, 2010a), were made to 
each beam (4 beams until failure (beams H, L, P and T) and 16 only in elastic range). The 
timber beams were submitted to ultrasound testing by indirect method on
 
Castanea sativa Mill.) timber beams were taken 
ion with wooden planks nailed to the top 
 
b) 
beams: a) geographic location in Europe and 
 
characterization was made 
 precise distribution of stiffness and strength 
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interval on bottom and lateral faces before and after the bending tests. After the bending 
tests, the beams that were not taken to failure were sawn into 3 boards with 7×4×300 cm3, 
obtaining a total of 48 boards. Each board was then visually inspected and assessed by 
ultrasound, penetration impact test and drilling resistance test on each 40 cm segment. To 
each segment of each board a 4-point bending test in elastic range was made in order to 
assess the variation of the modulus of elasticity along the element's length, thus obtaining a 
total of 336 tests, from which 51 segments were also tested until failure. 
After the completion of the bending tests in the sawn boards, clear wood samples 
were removed from each set of three boards in order to perform compression parallel to 
grain, tension parallel to grain and density tests. For each full beam, 3 compression, 6 
tension and 3 density samples were removed. Ultrasound pulse velocity test was made for 
each compression and tension sample before the respective destructive test. Destructive 
tests were made with displacement control until reaching failure, obtaining modulus of 
elasticity and ultimate strength. Density, ρ, and moisture content, MC, were also assessed. 
The order of testing and sample origin is shown in Figure 3.2. 
Phase Test sequence Outcome 
1 
 
visual grading 
NDT 
2 
visual grading 
NDT 
Em,l , Em,g , fm 
 
3 
 
visual grading 
NDT 
Em,l , Em,g , fm 
 
 
4 
Ec,0 , fc,0 
Et,0 , ft,0 
NDT 
ρ , MC 
Phase 
description: 
1 - visual inspection and NDT on full size old timber beams 
2 - visual inspection, NDT and bending tests on full size sawn beams (7×15 cm2) 
3 - visual inspection, NDT and bending tests on sawn boards (7×4 cm2) 
4 - small wood specimens in parallel to grain tests, and density and moisture content 
determination 
Figure 3.2: Testing phases and results obtained for each scale. 
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3.1.1 Non and semi-destructive testing 
Visual inspection 
The timber elements, in the different test phases, were visually inspected and graded, 
accordingly to the Italian norms UNI 11119 (UNI, 2004) and UNI 11035-2:2003 (UNI, 
2003b), on each 40 cm segment. All defects present on each face were identified, measured 
and mapped. However, in Phase 1, since timber elements were placed in the structure 
already with the wane that resulted from the initial sawing process and the alignment of 
fibers was not disrupted, a visual strength grading was considered without the limitation of 
wane. This procedure was only considered adequate since the only the residual cross 
section without wane was accounted and, also because wane, for this case, was not 
influencing the effective connection between elements and joints. 
Attending to the mentioned norms, the methodology presented in Figure 3.3 was 
used for the visual inspection carried to the twenty old chestnut beams. The proposed 
methodology consists in two separate parts. The first concerns the information that should 
be considered previously to the visual inspection and also the necessary actions to be taken 
to assure a safe and adequate inspection. The second part refers to the visual inspection 
itself that includes the identification and mapping of the principal and more relevant 
features, the corresponding classification and consequent attribution of indicative values 
for strength and stiffness properties. 
In this case, the timber elements were taken from the place of use to a storage place 
and thus it was possible to examine all faces and ends. 
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Figure 3.3: Flowchart of the visual inspection methodology applied in the experimental 
campaign. 
 
Penetration impact tests 
For the penetration impact test a Pilodyn 6J device was used, with a 2.5 mm diameter 
metallic needle. The original beams (Phase 1) and the sawn boards (Phase 3) were tested in 
two consecutives faces of each beam and five measurements were made in each 40 cm 
segment in different levels of the cross section (Figure 3.4). From the five measurements 
initial procedures 
- historical survey 
- structural conditions 
- safety conditions for inspection 
preliminary onsite characteristics 
- accessibility 
- illumination 
- cleaning of the surfaces 
timber member characteristics 
- wood specie - structural function 
- relative humidity - historical / artistic interest 
visual inspection features: identification and mapping 
dimension and shape 
 - cross section and length 
- wane 
- deformation 
natural defects 
- knots (isolated / group) 
- fiber inclination 
- cracks 
decay and damage 
- xylophagous attack 
- fungi attack 
- external damage 
non-destructive testing 
critical zones 
- limiting features 
- residual cross section 
 
other relevant information 
- superficial treatments or layers 
- local and environmental conditions, ... 
 
classification / grading 
- critical zones 
- remaining zones 
- global element 
attribution of indicative strength 
and stiffness properties 
VISUAL INSPECTION 
ultrasound tests drilling resistance penetration impact 
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the maximum and minimum values were disregarded and an average value was taken from 
the remaining three. The testing mesh and the exclusion of the extreme values pretend to 
minimize the influence of local defects in the measurements. 
 
• measurements in the ith segment 
■ measurements in the ith +1 segment 
Figure 3.4: Testing mesh of pin penetration measurements for two consecutive segments. 
 
Drilling resistance tests 
In order to assess the severity of decay in critical sections, drilling resistance tests were 
made in the sections that exhibited a higher degree of deterioration (Phase 1). The tests 
were performed in the end parts of the beams since they were the segments that presented 
poorer visual condition and a higher amount of cross section was lost. Measurements were 
also made to clear wood samples in the sawn board scale (Phase 3). A Resistograph3450 
equipment was used, which has a drill needle with 3 mm diameter on the extremity and 
1.5 mm diameter along the length of the needle. 
The profiles obtained by the drilling resistance equipment were analysed, accounting 
to each initial measurement (needle entry) and last measurement (needle exiting) in the 
timber elements, as to minimize the effect of possible lateral friction. Measurements 
deviating from the expected straight path more than 5% of the path length were not 
considered, and the measurement was repeated. These actions were feasible since access to 
both analysed surfaces was possible. 
 
Ultrasound tests 
The timber sawn beams and boards (Phases 2 and 3) were subjected to ultrasound testing 
by indirect method on each 40 cm interval on bottom and lateral faces (seven segments) 
(Figure 3.5) before and after the bending tests. Although direct or semi-direct arrangements 
permit a better signal transmission between transducers, the indirect method was used 
since it is particularly useful to determine the quality of the surface layer and to cases 
where it is only possible to assess one surface, which is common for this kind of elements 
40 40
10
a/4
a/2
10
a
a/4
40
a
a
me
asu
red f
ace
me
asu
red 
face
x y
z
x
z
and x
y
[cm]
Multi-scale characterization of chestnut timber elements 55 
 
 
 
in existing timber structures. The bottom face was also chosen for the location of 
measurements, since it will be the section of the beam subjected to tension in the 4-point 
bending tests. 
 
Figure 3.5: Location of ultrasound tests for indirect measurements. 
In Phase 4, both direct and indirect measurements were made to compression parallel 
to grain test specimens, whereas only indirect measurements were made to the tension 
parallel to grain test specimens due to its geometry (small cross section dimensions). 
The tests were made with a Pundit Lab equipment with 0.1 µs precision and 54 kHz 
frequency transmission transducers. A coupling agent was used to provide a better acoustic 
transmission between the transducers and the element's surface. Two solutions for coupling 
agents were considered. The first consisted in the use of a mineral gel on both the 
transducer and the element's surface, while the second consisted in a thin layer of soft oil-
based modelling clay. The measurements given by the ultrasound equipment for the second 
solution were identical (± 0.2 µs), providing that only a uniform thin layer was used, 
covering the surface between the transducer and the element. For rougher surfaces the oil-
based clay provided an adequate coupling condition with use of less material, because the 
mineral gel was partially absorbed by the timber element when used, requiring a new 
quantity of mineral gel for each additional measurement. Constant pressure between 
measurements was provided using stiff rubber bands constraining the transducer against 
the element's surface. 
For each segment, two measurements were taken and averaged, if the two first 
measurements differed more than 5%, then an additional third measurement would be 
taken and the average would be done with the three measurements.    
The results of the ultrasound testing consisted in the determination of the propagation 
time t (s), taken by the sonic wave to go from the emitting to the receiver transducer. 
Considering the distance between the centre of each transducer (wave path length) dw (m), 
it was possible to calculate the propagation velocity vp (m/s), as: 
t
d
v wp =  (3.1) 
 
3.1.2 Mechanical tests 
Bending tests in Phases 2 and 3 were made according to EN 408 (CEN, 2010a). The test 
specimen length, l, and the distance between the supports and the loading positions, a, are 
bottom face lateral face
10 40 40 40 40 40 40 40 10
[cm]
segment 1 2 3 4 5 6 7
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proportional to the depth of the cross section, h. The MOE, both local, Em,l, and global, 
Em,g, values were calculated according to Equations 3.2 and 3.3, respectively, as: 
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(3.3) 
where b is the width of the cross section (mm), h is the height of the cross section (mm), 
∆F is an increment of load (N), ∆w is the increment of deformation (mm) corresponding to 
∆F, a is the distance between a loading position and the nearest support (mm), l is the span 
between supports (mm), l1 is the gauge length (mm) for the determination of Em,l, I is the 
inertia moment (mm4) and Gv is the shear modulus (N/mm2). If unknown G may be taken 
as infinite (CEN, 2010a). 
The bending strength, fm, of an element taken to failure was calculated according to 
Equation 3.4, where Fmax is the maximum applied load before failure and W is the section 
modulus (mm3): 
W
Faf
⋅
⋅
=
2
max
m
 (3.4) 
In Phase 3, although the indications of EN 408 (CEN, 2010a), the height was chosen 
to be the smaller cross section dimension (h = 4 cm) in order to establish a consistent 
measurement of the stiffness parameters, expressed by the bending MOE, with size 
variation. Aiming to analyse the bending MOE variation along the elements length, Em,l 
and Em,g, were measured in the segments corresponding to those evaluated by visual 
inspection. Seven consecutive bending tests were made to each board, with supports placed 
in different locations. The tests were equally spaced and the assumed gauge lengths for the 
determination of MOE were centred with the visual inspection segments. In the case of the 
extremity segments, the centre of the bending tests could not coincide with the centre of 
the segments considered in the visual grading, as adequate support conditions would not be 
assured due to necessary length between support points. To provide adequate support 
conditions (at least h/2 after supports), the centre of the bending tests made to the extremity 
segments was moved 2 cm to the centre of the board with reference to the centre of the 
segments considered for the visual grading (Figure 3.6). 
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a) 
 
b) 
c) 
 
 
Figure 3.6: Location for the sequential bending tests: a) visual inspection segments; 
b) gauge length for Em,l (in shade); c) gauge length for Em,g (in shade). 
In Phase 4, in order to correlate the values of the previous tests with compression 
parallel to the grain, after conducting the bending tests to each segment of each board, 
prismatic samples were taken from each left (board length from 10 cm to 130 cm: 
segments 1 to 3), middle (board length from 90 cm to 210 cm: segments 3 to 5) and right 
(board length from 170 cm to 290 cm: segments 5 to 7) fractions of the beams (see 
Figure 3.2). Samples were also taken from the beams that were submitted to bending test 
until failure, thus obtaining a total of 60 test samples. These samples were chosen along the 
segments length where no macro defects were visible, thus assessing clear wood 
specimens. The test procedure for the destructive testing and sample dimensions were 
obtained with consideration to EN 408 (CEN, 2010a). The length of the test sample was 
considered to be six times the smaller cross sectional dimension and the end surfaces were 
prepared such that they were plane, parallel to one another and perpendicular to the 
longitudinal axis of the sample. Since the boards were sawn to 4 cm height elements, the 
compression specimens were considered to have a square cross section of 4 × 4 cm2, and 
length 24 cm (Figure 3.7). 
[cm] 
Figure 3.7: Test sample for compression parallel to the grain. 
With respect to the tension parallel to the grain tests, after conducting the bending 
tests to each segment of each board, two samples were taken from each left (board length 
from 10 cm to 130 cm: segments 1 to 3), middle (board length from 90 cm to 210 cm: 
segments 3 to 5) and right (board length from 170 cm to 290 cm: segments 5 to 7) fractions 
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of the beams (see Figure 3.2). Each pair of samples are taken within the same length of the 
boards only varying its position regarding the height of the board, (Figure 3.8). The 
samples nearest to the top surface of the board are considered as the first sample group (A), 
whereas the samples nearest to the bottom of the board are considered as the second 
sample group (B). 
 
Figure 3.8: Location of tension parallel to grain sample extraction. 
One sample per segment was also taken from the beams that were submitted to 
bending test until failure, thus obtaining a total of 108 test samples. The test procedure for 
the destructive testing and sample dimensions were obtained with consideration to EN 408 
(CEN, 2010a) and the Brazilian norm NBR 7190/97 (ABNT, 1997). Modifications were 
made to the samples in the gripping area in order to consider the existent grips and load 
machine in laboratory. The tension specimens had a middle cross section of 0.5 × 3 cm2 
and gripping section of 1 × 4 cm2, this geometry had a double purpose, on one hand to 
have a sufficient gripping area in order to avoid eventual compression or sliding of the 
grips, on the other hand a decrease of cross section area in the middle section was made to 
induce a pure tensile failure in that region (uninfluenced by the gripping area) (Figure 3.9). 
 
 
[cm] 
Figure 3.9: Test sample for tension parallel to the grain. 
Modulus of elasticity in compression, Ec,0, and tension, Et,0, were calculated from the 
load deformation curves with use of linear regression with correlation coefficient of at least 
0.99, as: 
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where (F2 − F1) is an increment of load (N) on the straight line portion of the load 
deformation curve, (w2 − w1) is the increment of deformation (mm) corresponding to 
(F2 − F1), A is the cross sectional area of the central cross section (mm2) and l1 is the gauge 
length (mm) for the determination of EX,0 (either compression Ec,0, or tension Et,0) 
(N/mm2). 
In compression, the deformation was measured over a central gauge length of four times 
the smallest cross section dimension of the sample, using one pair of LVDT's placed on 
opposite faces to eliminate the effect of possible distortion. In tension specimens, 
deformation was measured over a central gauge length of ten times the smallest cross 
section dimension, using a clip gauge extensometer. Compression and tension parallel to 
the grain strength, respectively fc,0 and ft,0, were calculated as: 
A
Ff maxX,0 =  (3.6) 
where Fmax (N) is the maximum applied load until failure and the A (mm2) is the cross 
sectional area near the section in failure. 
Before being tested, all samples were conditioned in a climatic chamber capable of 
keeping a temperature of 20 ± 2ºC and a humidity of 65 ± 5%, until constant mass was 
obtained. Constant mass is considered to be attained when the results of two successive 
weighting, carried out at an interval of six hours, do not differ by more than 0.1% of the 
mass of the test piece. Weightings were made to ten specimens chosen randomly, using a 
weighting scale with a precision of 0.01 g in intervals of six hours until the conditioned 
state was achieved. 
 
3.2 Phase 1 results 
This experimental phase allows, by use of NDT and SDT, the definition of the mechanical 
properties found for structural size elements accounting for a common state of 
conservation in existing old timber structures. 
 
3.2.1 Non and semi-destructive testing 
Visual inspection 
The first step of the visual inspection comprised the geometrical characterization of each 
element. For that purpose, the beginning and end of each segment was measured using a 
three side ruler (precision of mm). By using this tool, it was possible to obtain a reasonable 
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definition of the geometry of each cross section including wane with only two 
measurement positions (Figure 3.10). 
The length of the elements varied between 4 m and 6 m with a mean value of 5.32 m 
(COV = 11.8%). The average values for the nominal cross section dimensions were 
18.0 cm (COV = 3.1%) for height and 13.0 cm (COV = 6.0%) for width. Even if the 
variation in the nominal cross section dimensions within each element was low, significant 
wane was found. This wane was mainly consequence of the initial sawing process rather 
than from deterioration (elements still presented sharp edges) and did not pose problems to 
the existing connections to other structural elements. 
 
 
Figure 3.10: Measurement of the cross section dimensions: example of two consecutive 
sections. 
In each 40 cm segment, the significant parameters for visual strength grading were 
reported. Along the length of a timber element, it is well noticeable the variation in both 
quantity and size of defects, anomalies and decay (Figure 3.11) and therefore even if a 
section presents damage that may limit its structural behaviour, others may still present a 
satisfactory condition. 
 
    
a) b) c) d) 
Figure 3.11: Examples of defects and anomalies found in the wood elements: 
a) deterioration of internal fibers by xylophagous; b) decay by fungi; 
c) superficial attack of xylophagous; d) knots and fiber misalignment. 
Visual grading was considered for the residual cross section, thus not considering the 
decayed external layers and also assuming a rectangular section without wane. By this 
process it is intended to obtain the mechanical properties related to the material itself and 
its defects rather than to the state of conservation. Another purpose of this classification 
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without the parameters of external damage is to obtain reference values for comparison 
with the small samples that will be taken in the following steps of the experimental 
campaign. In order to have a qualitative comparison along the timber beams length but also 
between different beams, the percentage of segments that is included in a given visual class 
is accounted for each beam (see Figure 3.12). 
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Figure 3.12: Percentage distribution of segments of old beams included in each visual 
grading class regarding UNI 11119 (UNI, 2004). 
In this case, only beams C, G and L have segments with grade NC, resulting from the 
presence of significant knots. With exception of beam G, a minimum percentage of 70% 
for the sum of classes I and II is found for each beam. 
 
Penetration impact tests 
The results of the impact tests evidenced a mean value of 11.3 mm penetration depth, 
moreover presenting that measurements made within the same segment had lower variation 
compared to the measurements made within member and between members. In almost all 
beams the coefficient of variation is higher when analysing the values along the total beam 
(mean COV = 17.6%) than when analysing the measurements within a segment (mean 
COV = 13.1%). This is due to the local nature of the test and its dependency to the decay 
level. Since decay is not evenly spread through the length of the beam the variation 
increases when assuming the global values rather than the local measurements. 
By complementing a traditional visual inspection with NDT results permitted, in this 
case, to verify that the decay found in some parts of the timber beams was essentially 
superficial, since the difference between visible decayed and non-decayed segments had an 
average increase of approximately 1.1 mm in the penetration depth. 
 
Drilling resistance tests 
The drilling resistance tests were performed in the ending parts of the beams (segments 
that presented higher extent of visible decay) in a section that still presented a defined 
cross section, obtaining values of resistance measure, RMdecay. A mean value of 245 bit 
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with COV of 22.6% was found, while neither significant voids nor lower resistant sections 
in the inner regions of the cross section were found in the drilling resistance profiles. 
Drilling resistance tests were useful to estimate the depth of the decayed layer, even if it 
should be noted that the measurements are made regarding only the drilling path of the 
device needle, and therefore only evaluate the material locally. 
 
3.3 Phase 2 results 
This experimental phase allows for the definition of the mechanical properties found for 
structural size elements without the influence of external decay and damage, thus 
providing a better definition of the material properties influenced mainly only by knots (or 
clusters of knots) and the alignment of fibers. 
 
3.3.1 Non-destructive testing 
Visual inspection 
The beams were marked on 7 segments of 40 cm (leaving 10 cm from each extremity) on 
which the defects were found and accounted (Figure 3.13). Since the exterior signs of 
decay were removed during the sawing process, and only superficial cracks were present, 
exclusively knots (isolated and cluster) and alignment of fibers were considered as limiting 
parameters for the visual inspection. 
 
 
a) 
 
b) 
 
c) 
 
d) 
 
Figure 3.13: Sawn beams and example of inspected defects: a) knots and insect tunnels; 
b) cracks and oxidation stains (iron nails); c) decayed knot; d) knot cluster. 
The percentage of segments included in each class of the visual inspection 
classification was also reported (see Figure 3.14). With respect to a global structural 
grading, the visual class of each sawn beam is given by the classification of the critical 
zones. The selection of critical zones attended to a static analysis regarding the 
configuration of the 4-point bending tests. Therefore, the segments which will be submitted 
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to maximum bending stress (mid span) and the segments submitted to higher shear stress 
(segments near supports) were considered as critical zones if significant defects were found 
in their extent. 
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Figure 3.14: Percentage distribution of segments of sawn beams included in each visual 
grading class regarding UNI 11119 (UNI, 2004). 
Similar qualitative grading of segments per class are observed between each old and 
sawn beam (comparison with Figure 3.12), especially regarding the extreme classes (class I 
and NC). Accounting the different percentages of segments attributed to a given class for 
each beam between phases, it is noticed that in 60% of the cases, a difference lower than 
15% is found between Phase 1 (Figure 3.12) and Phase 2 (Figure 3.14). On the other hand, 
19% of the cases have a difference higher than 30%. The mean difference between the 
same class in different phases is for class I of 19% and for class NC of 15%. In an overall 
analysis, in 95% of cases, Phase 2 presents higher or equal percentages of class NC than 
Phase 1 (the exception is beam G), indicating that a larger percentage of lower classes is 
observed in sawn beams due to the increase of the ratio d/h (diameter of knots / cross 
section height) when reducing the cross section area of the elements. On the opposite side, 
Phase 2 presents higher percentages of class I, in 30% of the cases, corresponding to the 
situations where the defects that limited the visual grading in the previous phase were only 
superficial and were removed during the sawing process (beams D, G, L, N, P and Q). In 
these cases, from Phase 1 to 2, a shift of percentage value from classes II and III to class I 
is noted. 
 
Ultrasound testing 
Ultrasound tests were performed to bottom and lateral faces of the sawn beams and the 
results were considered in terms of propagation velocity, vp. The mean value of the vp for 
all beams in the bottom face is 4846.5 m/s and 4821.6 m/s in the lateral face with 
coefficient of variation of 8.6% and 6.6%, respectively. The average of the coefficients of 
variation for the measurements in each beam is 6.3% and 4.9%, respectively for bottom 
and lateral faces. The decrease of the coefficient of variation between the measurements of 
all beams and the measurements within a same beam, represent an increase of variation 
when assessing different timber elements, even from the same structure and timber specie. 
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For comparison between results regarding the same parameter or segment, but tested 
with more than a measurement or by different types of measurements, a relative difference, 
RD, was considered according to: 
100(%)
II
III
⋅
−
=
m
mm
RD  (3.7) 
where mI corresponds to the first type of measurement and mII to the second type of 
measurement with respect to the same parameter or segment. 
The average relative difference between beams regarding these measurements are 
less than 10% for all cases except in beams S and T. Those beams presented a segment 
where the difference between bottom and lateral faces measurements were 28% and 25%, 
respectively for beam S and T. In these two cases, by visual inspection, it was found that 
the ultrasounds indirect measurements resulted in much lower propagation velocities for 
the faces where a higher superficial concentration of knots was detectable. An analysis to 
the measurements made by each segment presented that the relative difference is inferior to 
25% in 97.1% of the cases, inferior to 10% in 78.6% of the cases and inferior to 5% in 
40% of the cases. The distribution of values of relative difference between bottom and 
lateral are presented in Figure 3.15a. 
  
a) b) 
Figure 3.15: Distribution of propagation velocity values with respect to relative difference 
between measurements: a) in bottom and lateral faces; b) before and after 
bending tests. 
After the 4-point bending tests, new ultrasound measurements were made in the same 
locations as done previously, in order to observe if any significant change occurred. This 
procedure was implemented with intention of confirming that the timber beams were only 
subjected to loads in the elastic regime and no significant change was made to the 
macro-structure of the timber element. The ultrasound measurement would work as an 
instrument to determine non visible damage or early signs of damage. For this analysis, 16 
beams were considered since 4 beams were taken to failure in the 4-point bending tests. 
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For those 16 beams, the mean value of the relative difference between measurements was 
1.9%. Also, the relative difference was lower than 10% for 98.7% of the measurements and 
lower than 5% for 94.2% of the measurements. The distribution of values of relative 
difference between measurements before and after the bending tests are presented in 
Figure 3.15b. 
 
3.3.2 Mechanical tests 
Bending tests 
The totality of the sawn beams were submitted to bending tests in elastic regime in order to 
obtain Em,l and Em,g. Four beams (corresponding to 20% of the total sample) were also 
selected to be tested until failure (beams H, L, P and T). The tests were carried out in the 
laboratory facilities of the Civil Engineering Department of the University of Minho using 
a Sentur II hydraulic unit with a 500 kN load cell. The used loading equipment was 
capable of measuring the load to a required accuracy of 0.1% of the applied load. Linear 
variable differential transformers (LVDT's) with range ± 12.5 mm were used for 
displacement measurement. The reaction structure consisted in a frame composed by 
metallic I beams bolted to a 80 cm thick concrete floor slab. 
The tests were made under displacement control with a displacement rate such that 
the maximum applied load for the determination of the bending strength was to be reached 
within the interval of 300 ± 120 s. For that purpose, also an estimated load, Fest, 
corresponding to the maximum load was calculated. For the determination of the 
load/displacement diagrams in elastic regime, a four cycle test was conducted. In each test, 
four cycles were considered with loading phase of 300 s each, reaching 50% of the 
estimated maximum load, Fest, and a respective unloading phase. The first stage was only 
considered for calibration and adjustment of the test and was disregarded in the results. For 
the calculation of the elastic moduli a displacement rate of 0.04 mm/s was considered for 
the four first cycles. An extra fifth cycle with a single loading stage was considered for the 
beams that were taken to failure (Figure 3.16), with a displacement rate of 0.08 mm/s. 
 
Figure 3.16: Loading procedure for the calculation of Em,l and Em,g (cycle 2 to 4) and 
fm (cycle 5). 
The results of the bending tests for stiffness parameters are compiled in Figure 3.17, 
where a mean value of 10840 N/mm2 was found for Em,l and 10940 N/mm2 for Em,g with 
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COVs of about 25%. This variation is higher than the COV of 13% for MOE suggested in 
the Probabilistic Model Code (JCSS, 2006) for softwoods. A strong relation is found 
between Em,l and Em,g (coefficient of determination, r2 = 0.82) which maintains strong for 
the correlation with tendency line intercepting the origin with a 45º angle (r2 = 0.76). More 
than 50% of the values of both MOE are distributed within the range [9;13] kN/mm2. 
Histograms and cumulative frequencies are also plotted (Figures 3.17c, 3.17d). 
 
 
 
 mean (N/mm2) COV (%) 
Em,l 10840 25.3 
Em,g 10940 22.0 
a) b) 
  
c) d) 
Figure 3.17: Sawn beams bending tests in elastic regime: a) test set-up and results; 
b) correlation between MOE; c) histogram and cumulative frequencies for 
Em,l; d) histogram and cumulative frequencies for Em,g. 
The old beams with at least 20% in lower classes (III and NC) in the visual 
inspection (Phase 1, Figure 3.12), resulted in sawn beams with Em,g values lower than the 
mean, while old beams with higher percentage of class I and II (higher than 80%) 
originated sawn beams with higher values of Em,g. However, in the cases of beams D, E 
and F, although with only 7% of lower visual classes, the value of Em,g was lower than the 
mean. In these cases, the critical sections were located in the central third of the span and 
were more influencing for the results, in accordance with the consideration of a critical 
section for determination of the global characteristics. The exceptions to these premises 
were beams H and T, which although not evidencing any lower class percentage in visual 
grading, also evidenced lower Em,g values than the mean. The mean value of Em,l is similar 
to the value given for class I in UNI 11119 (10000 N/mm2) (UNI, 2004). This indicates 
Em,g = 0.790⋅Em,l + 2.340
r² = 0.82
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that clear wood elements for these particular beams would have much higher values than 
those indicated in the norm for class I. 
The bending strength results for the four beams taken to failure (H, L, P and T) are 
shown in Figure 3.18. The strength values are consistent with the visual inspection even if 
present similar results in beams H, P and T (COV = 10.5%). Visual inspection proved to be 
correct in assessing qualitatively the four beams. On one hand, beam T presented higher fm 
than the remaining three beams, consistent with the previous visual inspection where beam 
T was attributed higher percentages of visual class I and II. On the other hand, the beam 
with lower fm (beam L) had the higher percentage of NC sections in the same visual 
inspection. The beam failure initiated in all cases with respect to a segment with higher 
percentage of defects. 
 
 
 
 
fm H = 23.66 N/mm2 fm P = 24.58  N/mm2 
fm L = 19.53 N/mm2 fm T = 24.69 N/mm2 
a) b) 
Figure 3.18: Bending tests until failure of beams H, L, P and T: a) load / displacement 
diagrams; b) failed beams and results. 
The failure mechanism began with the formation of thin longitudinal cracks in the 
lower layers of wood subjected to tension (Figure 3.19). The reduction of loading capacity 
occurred with the increased opening of cracks in the lower half of the cross section (under 
the neutral axis) and compression of the upper half. With increase of deformation and loss 
of strength contribution by the lower fibers of the cross section, new cracks initiated in the 
upper quarter of the cross section mainly due to the new location of the neutral axis (upper 
in the cross section). The formation of longitudinal cracks is mainly found in the middle 
span within the length between loading points. 
Since all failure mechanisms were related to sections within the span between the 
applied loads, strong correlations were found with respect to fm and MOE, specially for Em,l 
(r2 = 0.87 and 0.78, respectively for Em,l and Em,g). However these correlations must be 
considered with care due to the small number of fm measurements. 
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a) b) 
Figure 3.19: Development of the failure mechanism in sawn beams subjected to bending 
tests: a) initiation near a knot cluster; b) formation of large longitudinal 
cracks at the lower half height of the cross section (tensioned side). 
 
3.4 Phase 3 results 
In order to analyse the spatial variability of the mechanical properties within a timber 
element, the sawn beams were cut longitudinally dividing each beam into three sawn 
boards and then numbered X1 to X3 from top to bottom (Figure 3.20), X corresponding to 
the identification of the original sawn beam. The longitudinal cuts were made dividing the 
height of the beam, thus making possible to isolate, in that direction, some defects by 
board. The cuts were made maintaining the upper and lower faces of the element. The 
dimensions of the sawn boards were 7×4×300 cm3, since part of the height is lost due to 
the cutting process (thickness of the saw blade). 
 
Figure 3.20: Sawn boards location within an original sawn beam with representation of 
defect division by boards. 
1
2
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From the initial old beams, only 80% were cut to boards since 20% of the beams 
(four beams: H, L, P and T) were already tested in destructive bending tests. This 
experimental phase allows for the definition of the mechanical properties by isolating the 
influence of defects in height and also assessing the variation of properties along the length 
of a timber element. 
 
3.4.1 Non-destructive testing 
Visual inspection 
The boards were marked on 7 segments of 40 cm (leaving 10 cm from each extremity) on 
which the defects were found and accounted. Since the influence of defects was intended 
to be eliminated in the height dimension, visual inspection was considered for the top and 
bottom faces excluding the inspection of minor superficial defects found only at the lateral 
faces. For this experimental phase, the percentage of segments included in each class of the 
visual inspection classification was also reported (Figure 3.21). 
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Figure 3.21: Percentage distribution of segments of sawn boards included in each visual 
grading class regarding UNI 11119 (UNI, 2004) (beams H, L, P and T were 
tested until failure in Phase 2). 
Similar percentages per class are observed between each sawn beam and sawn board. 
However, a larger percentage of lower classes is observed in some boards due to the 
increase of the ratio d/h (diameter of knots / cross section height) when reducing the height 
of the elements. 
 
Ultrasound testing 
The timber sawn boards were subjected to ultrasound testing by indirect method on each 
40 cm interval (seven segments per board) on the bottom face. The mean value of the 
propagation velocity for all beams is 4860 m/s with coefficient of variation of 8.4%. The 
average of the coefficients of variation for the measurements in each beam is 6.9% and for 
each board is 6.3%. The decrease of the coefficient of variation between the measurements 
of all beams and the measurements within a same beam and a same board, represent an 
increase of variation when assessing a higher scale element. 
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The velocity of propagation measurements taken to each segment of each set of 
boards is consistent with the performed visual inspection. When important macro defects, 
such as knot clusters or significant misalignment of fibers, were visually assessed a lower 
propagation velocity was found. The partition of each beam in three boards also resulted in 
a better definition and location of the influence of defects. Such is exemplified in Figure 
3.22, where for a set of boards of a given beam (beam J) a considerable decrease in the 
propagation velocity in segment 4 for the bottom board is visible, being consistent with a 
significant knot found by visual inspection for that location. 
 
Figure 3.22: Propagation velocity, vp, for indirect measurements along the length of the 
bottom face of each board and segment of beam J. 
The measurements also revealed that the propagation velocity varies both in height 
and length of each beam, being the variation higher when a larger concentration of knots 
was found. The mean coefficient of variation for the measurements made to the same 
segment of each set of boards (e.g. measurements in A1, A2 and A3 for segments 1), thus 
the variation in height, is equal to 5.2%, whereas the mean coefficient of variation for the 
measurements made to all segments of a given board (e.g. measurements in A1 for 
segments 1 to 7), thus the variation in length, is slightly higher being equal to 6.3%. 
In order to assess the influence of different sample sizes in the analysis of the 
propagation velocity, these results are compared to the equivalent measurements obtained 
for the sawn beams. For that purpose, the values regarding board 3 (bottom board) of each 
set of boards are compared to the values of the ultrasound tests done to the bottom face of 
the sawn beams, since the measurement location is the same. The measurement values of 
the sawn beams are also compared to the mean value between the same segments of each 
set of boards (e.g. mean value of the measurements in A1, A2 and A3 for segments 1). For 
comparison basis, the relative difference, RD, was calculated (Equation 3.7). From that 
analysis, two segments, on which large defects (knots and fiber detachment) were present 
in the totality of a cross section height, presented a very high RD (higher than 20%), and 
thus considered as outliers and non-representative of this analysis. Disregarding those two 
segments, a mean RD equal to 2.4% was found when considering the measurements in the 
bottom boards, whereas for the mean values per segment of all boards the RD increased to 
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4.6%. When analysing the structural element globally, the mean of all ultrasound 
measurements done to the same beam, either sawn beam or group of sawn boards, were 
compared and a mean RD equal to 2.8% was found. 
 
Penetration impact tests 
The results of the impact tests, for each board for bottom face measurements and lateral 
faces measurements, indicate a mean penetration depth of 8.2 mm and 8.5 mm, 
respectively. In almost all boards and for both faces, the coefficient of variation is higher 
when analysing the values along the total board (mean COV = 10.7%) than when analysing 
the measurements within a segment (mean COV = 6.7%). This is an expectable result since 
the variation of timber mechanical properties increases with the consideration of a larger 
measurement length and thus increasing the possibility of including defects or wood with 
different growth characteristics. Comparing to the penetration impact tests made in Phase 
1, it is noticed the decrease in variation for lower scales from 13.1% (beams) to 6.7% 
(segments in boards). 
The coefficient of determination was calculated for the measurements between 
lateral and bottom faces for each equivalent segment, obtaining a r2 of 0.56 (Figure 3.23). 
 
Figure 3.23: Correlation of measurements of penetration impact tests between bottom and 
lateral faces. 
 
Drilling resistance tests 
The drilling resistance tests were performed perpendicularly to the top and bottom faces, 
thus with a drilling path of 4 cm. A mean value of 304 bit with COV of 10.4% was found. 
Comparing these results with the ones obtained in Phase 1, an increase of 19.4% is found 
but, more significantly, the COV obtained is less than half of the provided earlier. The 
differences are mainly due to the decayed sections that were previously found in Phase 1 
which later were removed. 
3.4.2 Mechanical tests 
Bending tests 
The totality of the sawn boards was submitted to bending tests in elastic regime in seven 
segments each, in order to obtain Em,l and Em,g (336 segments). Selected segments, with 
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different visual grades, were also tested until failure (51 segments, corresponding to 15% 
of the total sample). 
The tests were carried out in the laboratory facilities of the Civil Engineering 
Department of the University of Minho using a Sentur II hydraulic unit with a 25 kN load 
cell. The used loading equipment was capable of measuring the load to a required accuracy 
of 0.1% of the applied load. Linear variable differential transformers (LVDT's) with range 
± 12.5 mm were used for displacement measurement. The same reaction frame structure 
used in the sawn beam bending tests was considered for these tests. The tests were made 
with displacement control with rate such that the maximum applied load for the 
determination of the bending strength was reached within the interval of 300 ± 120 s. The 
first stage was only considered for calibration and adjustment of the test and was 
disregarded in the results. For the calculation of the MOE, a displacement rate of 
0.014 mm/s was considered for the loading phases, while for the bending strength 
calculation a 0.03 mm/s displacement rate was considered in the last cycle (Figure 3.24a). 
The gauge length was considered to be 15h (60 cm) and 6h (24 cm), respectively for Em,g 
and Em,l determination. The span between supports for each segment was considered to be 
15h (60 cm) (Figure 3.24b). 
 
 
a) b) 
Figure 3.24: Bending tests procedure and setup: a) loading procedure for the calculation of 
Em,l and Em,g (cycle 2 and 3) and fm (cycle 4); b) test layout. 
The results of the bending tests in sawn boards for stiffness parameters are compiled 
in Figure 3.25, where a mean value of 12190 N/mm2 was found for Em,l and 11660 N/mm2 
for Em,g with COVs of about 25%. The values given by segments for a given beam were 
averaged and a strong correlation is found between Em,l and Em,g (r2 = 0.89). More than 
50% of the values of both MOEs are distributed within the range [10;16] kN/mm2, as 
shown by histograms and cumulative frequencies in Figure 3.25c and Figure 3.25d. The 
results revealed that bending MOE varied in different proportions in height and length, 
with higher variation when a larger concentration of knots was found in a board. The mean 
COV for the same segment of a set of boards (e.g. measurements along the height in A1, 
A2 and A3 for segments 1) is equal to 20.1% and 15.7%, respectively for Em,l and Em,g, 
whereas the mean COV for all segments of a given board (e.g. measurements along the 
length of A1, for segments 1 to 7) is slightly higher being equal to 25.8% and 17.9%, 
respectively, for Em,l and Em,g. 
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 mean (N/mm2) COV (%) 
Em,l 12910 30.4 
Em,g 11660 22.8 
a) b) 
  
  
c) d) 
Figure 3.25: Sawn boards bending tests in elastic regime: a) test set-up and results; 
b) correlation between MOE; c) histogram and cumulative frequencies for 
Em,l; d) histogram and cumulative frequencies for Em,g. 
The stiffness parameters of each segment of each set of boards, are consistent with 
the performed visual inspection and ultrasound tests. When significant macro defects, such 
as knot clusters or significant misalignment of fibers, were visually assessed, a lower 
stiffness was found. The partition of each beam in three boards also resulted in a better 
definition and location of the influence of defects. Such is exemplified in Figure 3.26 
where for a set of boards of a given beam (beam J, also exemplified in 3.22), a 
considerable decrease in Em,l and Em,g in segment 4 for the bottom board is visible, being 
consistent with a significant knot found in visual inspection and lower value of propagation 
velocity also found for that location. 
Em,g = 0.670⋅Em,l + 3.060
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a) 
 
b) 
Figure 3.26: Modulus of elasticity along the length of each board and segment of beam J: 
a) local, Em,l; b) global, Em,g. 
Aiming to assess the correlation between results obtained in Phase 3, an analysis of 
variance (ANOVA) was made regarding the parameters Em,l and Em,g with respect to the 
visual grading. In this case, ANOVA was used to test whether visual strength grading 
contributes significantly, or not, to the variation in bending MOE. In this case, for Em,l and 
Em,g, a single-factor ANOVA and a confidence level of 95% revealed a significant variance 
in bending MOE between the different considered visual strength classes (F > Fcrit and 
p-value < 0.05). Therefore, it is demonstrated that the partition of the results of bending 
MOE with consideration to the visual strength classes allows obtaining samples with 
significant statistic variation values between them, evidencing different clusters of 
measurements. Accounting this premise, visual inspection grading may be used as an 
indicator to distinguish segments with different bending MOE results within a same timber 
member. 
The mean value of all bending test measurements is higher than the equivalent values 
obtained for the sawn beams. The biggest difference is observed between Em,l, where also a 
larger COV is obtained for the sawn boards. This is an expectable result since the gauge 
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length for the determination of Em,g for the sawn beams included all the gauge length of the 
Em,g for the sawn boards, whereas the gauge length for the Em,l of the sawn beams only 
considers segments 3, 4 and 5 of the sawn boards. Considering the mean value for that 
segments a Em,l of 12720 MPa is obtained which is closer to the value of the Em,l for the 
sawn beams. Nevertheless, even comparing the equivalent segments in terms of gauge 
length measurement the values of stiffness for the sawn boards are 18% and 7% higher, 
respectively Em,l and Em,g, compared to the sawn beams. This increase of stiffness may also 
be explained due to the decrease of the influence of defects in the global behaviour when 
the beam was divided into boards, resulting also in a higher COV due to the higher 
difference obtained between segments with and without defects. 
When analysing the structural element globally, the means of all bending test 
measurements done to the same beam, either sawn beam or group of sawn boards, were 
compared and a mean RD equal to 15.7% was found for Em,l. For the same analysis, a 
mean RD equal to 10.8% was found for Em,g. Considering only segments 3 to 5 for 
determination of the mean Em,l of a set of boards, a mean RD equal to 14.4% was found. 
The results of the bending tests in sawn boards for strength parameters are compiled 
in Figure 3.27, where a mean value of 42.94 N/mm2 was found for fm with COV of 45%. 
Since the segments were not chosen randomly, as they were selected according to their 
visual grading, a more uniform distribution between strength classes is obtained and, 
therefore, also a larger COV. In order to properly assess the values of fm, also the mean 
values and COV are given regarding each visual grade in Figure 3.27a, where it is noticed 
the expected decrease of strength and increase of variability from higher to lower grades. 
 
 
 
fm sample mean (N/mm2) COV (%) 
all 42.94 44.9 
class I 57.30 22.7 
class II 38.70 26.3 
class III 33.06 45.4 
class NC 16.26 35.8 
a) b) 
Figure 3.27: Sawn boards bending tests in failure: a) test set-up and results; b) histogram 
and cumulative frequencies for fm. 
The values of COV for classes I and II are similar to the values proposed in the PMC 
(JCSS, 2006), whereas when defects start to be visibly noticeable (classes III and NC) the 
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variation strongly increases. The relationship between local and global stiffness with 
strength in bending are presented in Figure 3.28a and 3.28b, respectively. It is noticed a 
higher coefficient of determination for Em,g compared to Em,l (r2 = 0.69 > 0.38), evidencing 
the importance of globally assess the element and attend to all present defects. Also it 
should be noted that the correlation with Em,g is stronger as some of the failures were 
initiated near the loading points, which were out of the gauge length for measuring Em,l. 
  
a) b) 
Figure 3.28: Correlation of fm of boards with MOE: a) Em,l; b) Em,g. 
 
3.5 Phase 4 results 
3.5.1 Compression parallel to grain tests 
Ultrasound testing 
The specimens were subjected to ultrasound testing by both direct and indirect methods 
(Figure 3.29). The same measurement methodology and equipment used previously for the 
sawn beams and boards was considered also for the measurements in the compression 
parallel to the grain specimens. 
   [cm] 
a) b) 
Figure 3.29: Test sample for compression parallel to the grain in ultrasound testing: 
a) direct and; b) indirect methods. 
The mean value of the propagation velocity was 4890 m/s for the indirect method 
and 5220 m/s for the direct method with COV of 9.7% and 3.7%, respectively. The 
average of the COV for the measurements in each beam is 7.9% and 2.6%, respectively for 
indirect and direct methods. The decrease of the coefficient of variation between the 
measurements of all beams and the measurements within a same beam, represent an 
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increase of variation when assessing different timber elements, even from the same 
structure and timber specie, as already evidenced in the ultrasound measurements made to 
the structural size beams and sawn boards. 
The average RD between indirect and direct measurements is 7.6% with 28.3% of the 
elements with a relative difference higher than 10%. The distribution of values of relative 
difference between indirect and direct measurements is presented in Figure 3.30a. The 
coefficient of determination between indirect and direct measurements (r2 = 0.05) indicates 
a non existing correlation between these two different measurements for this case 
(Figure 3.30b). 
  
a)  b) 
Figure 3.30: Velocity of propagation for indirect and direct measurements in compression 
parallel to the grain specimens: a) relative difference; b) relationship. 
 
Destructive test 
The pretended results from the tests are the compression parallel to the grain strength, fc,0, 
and the elastic modulus of elasticity in compression, Ec,0, which are parameters commonly 
found in strength grading tables for timber structural elements. Deformation was measured 
over a central gauge length of four times the smallest cross section dimension of the 
sample (160 mm), using one pair of LVDTs (range ± 12.5 mm) placed on opposite faces to 
eliminate the effect of possible distortion (Figure 3.31). 
The compression parallel to grain tests were carried out in the laboratory facilities of 
the Civil Engineering Department of the University of Minho using a Sentur II hydraulic 
unit with a 25 kN load cell. The used loading equipment was capable of measuring the load 
to a required accuracy of 0.1% of the applied load. The tests were made with displacement 
control and the displacement rate was calculated following the same assumptions taken to 
the bending tests, however regarding the estimated compression strength. Three 
preliminary tests were made to the specimens chosen randomly with the purpose of 
determining the displacement rate. According to those tests a single cycle test was 
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conducted with a constant displacement increment phase, and a displacement rate of 
0.009 mm/s was found adequate. 
 
[cm] 
Figure 3.31: Test sample for compression parallel to the grain: photograph and schematic 
of test set-up. 
The compression parallel to the grain tests were characterized regarding different 
types of failure modes, such as the following modes: crushing, wedge splitting, shearing, 
splitting, crushing and splitting, and brooming or end rolling (Bodig and Jayne, 1993) 
(Figure 3.32). 
      
a) b) c) d) e) f) 
Figure 3.32: Types of compression failure modes: a) crushing; b) wedge splitting; 
c) shearing; d) splitting; e) crushing and splitting; f) brooming. 
Attending to those failure modes an ANOVA was made. Regarding a single-factor 
ANOVA and a confidence level of 95% a non-significant variance in Ec,0 or fc,0 (F < Fcrit 
and p-value > 5 × 10-2) was found, thus evidencing that for this experimental analysis the 
different failures modes did not pose as a significant parameter of differentiation for the 
mechanical properties variation. Therefore, the result values are mentioned regarding the 
entire sample without failure mode discrimination. An example of the load/displacement 
curves for samples with different failure modes is presented in Figure 3.33. Samples have 
been considered with similar peak loads in order to compare the post failure behaviour. 
The main difference after the peak load is observed regarding the failures conditioned by 
splitting where a more fragile behaviour is present, whereas for crushing or brooming a 
ductile behaviour is observed post peak. In the crushing and splitting failure mode a slight 
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constant decrease of the load capacity is visible, whereas for shearing failure a more 
marked decrease is found. 
 
 
1: crushing 
 
2: wedge splitting 
 
3:shearing 
 
4: splitting 
 
5: crushing and splitting 
 
6: brooming 
Figure 3.33: Load/displacement curves for different compression failure modes. 
For the global sample, a mean value of 12620 N/mm2 was found for Ec,0 with COV 
of 15.7%, whereas for fc,0 a mean value of 42.99 N/mm2 was found with a COV of 17.2%. 
The average of the COV for the measurements in each beam is 11.6% and 15.2%, 
respectively for Ec,0 and fc,0. The decrease of the COV between the measurements of all 
beams and the measurements within a same beam was also present in the ultrasound tests. 
The linear correlation between fc,0 with the propagation velocity in ultrasound tests 
with its respective coefficient of determination are presented in Figure 3.34, where it is 
visible that no significant correlation was found. Detail about correlation with stiffness will 
be provided in a following chapter4. 
  
a) b) 
Figure 3.34: Correlation between compression parallel to grain mechanical properties and 
propagation velocity: a) fc,0 and vp indirect measurements; b) fc,0 and vp direct 
measurements. 
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3.5.2 Tension parallel to grain tests 
Ultrasound testing 
The specimens were subjected to ultrasound testing by indirect method (Figure 3.35). The 
same measurement methodology and equipment used previously for the compression 
parallel to grain measurements was used here. 
[cm] 
Figure 3.35: Indirect ultrasound of tension parallel to grain test samples. 
The mean value of the propagation velocity was 4200 m/s for the first samples and 
4210 m/s for the second samples with coefficients of variation of 3.7% and 3.8%, 
respectively. Considering the total sample (the sum of the two samples) a mean 
propagation velocity of 4190 m/s with COV = 3.5% was found. The average of the COV 
for the measurements in each beam (considering all samples derived from the same beam) 
was COV = 2.9%. The decrease of the COV between the measurements of all beams and 
the measurements within a same beam, represent an increase of variation when assessing 
different timber elements, even from the same structure and timber specie, as already 
evidenced in the previous test phases. 
The average RD between measurements on sample A and B is 3.4% with 27.0% of 
the elements with a relative difference higher than 5%. The distribution of values of 
relative difference between measurements on sample A and B is presented in Figure 3.36a. 
The coefficient of determination between measurements on sample A and B (r2 = 0.11) 
indicates a non existing correlation between these two different measurements 
(Figure 3.36b). A non existing correlation was expectable since the measured parameter is 
the same for both sample groups (being visible in the graph by the concentration of the 
values around the mean value). Only a correlation could be possible between the values of 
a pair of samples taken from the same segment of beam, thus RD, in this case, is a better 
indicator of the similarity or disparity of values between samples. 
20
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a)  b) 
Figure 3.36: Velocity of propagation for sample A and B in tension parallel to the grain 
specimens: a) relative difference; b) relationship. 
 
Destructive test 
The pretended results from the tests are the tension parallel to the grain strength, ft,0, and 
the elastic modulus of elasticity in tension, Et,0, which are parameters commonly found in 
strength grading tables for timber structural elements. Deformation was measured over a 
central gauge length of 50 mm (one third of the middle section length), using one clip-on 
extensometer (measuring length 50 mm) with the contact points placed in the middle 
longitudinal axis (Figure 3.37). 
 
   [cm] 
Figure 3.37: Test sample for tension parallel to the grain: photograph and schematic of test 
and set up. 
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The tension parallel to grain tests were carried out in the laboratory facilities of the 
Civil Engineering Department of the University of Minho using a MICROTEST 
(SCM4000) hydraulic unit with a 200 kN load cell. The used loading equipment was 
capable of measuring the load to a required accuracy of 0.1% of the applied load. The tests 
were made with displacement control and the displacement rate was calculated following 
the same premises as previously mentioned for the destructive tests for bending and 
compression strength determination. Three preliminary tests were made to the specimens 
chosen randomly with the purpose of determining the displacement rate. According to 
those tests a single cycle test was conducted with a constant displacement increment phase, 
and a displacement rate of 0.02 mm/s was found adequate (when significant slope of grain 
was found the displacement rate was decreased to a minimum of 0.014 mm/s). 
The mean value of Et,0 was 12690 N/mm2 for the first samples and 12900 N/mm2 for 
the second samples with coefficients of variation of 12.9% and 13.0%, respectively. 
Considering the total sample (the sum of the two samples) a mean Et,0 of 12670 N/mm2 
with COV = 12.5% was found. The average of the COV for the measurements in each 
beam (considering all samples derived from the same beam) was 9.7%. 
The mean value of ft,0 was 72.52 N/mm2 for the first samples and 74.63 N/mm2 for 
the second samples with coefficients of variation of 27.1% and 26.5%, respectively. 
Considering the total sample (the sum of the two samples) a mean ft,0 of 71.78 N/mm2 with 
COV = 27.1% was found. The average of the COV for the measurements in each beam 
(considering all samples derived from the same beam) is 25.1%. The decrease found for 
the COV in the Et,0 and ft,0 results between the measurements of all beams and the 
measurements within a same beam was also present in the ultrasound tests. After assessing 
the variation within the full sample, the tension parallel to the grain tests were 
characterized regarding different types of failure modes, such as the following modes: 
splintering tension, combined tension and shear, shear and brittle tension (Bodig and 
Jayne, 1993), considering also failure due to defects and failure in the gripping area (Figure 
3.38). 
 
 a) b)  c) d)  e) f) 
Figure 3.38: Types of failure modes in tension parallel to grain: a) splintering tension; 
b) combined tension and shear; c) shear; d) brittle tension; e) defect influence; 
f) gripping influence. 
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Attending to those failure modes an ANOVA was made. Regarding a single-factor 
ANOVA and a confidence level of 95% a significant variance in both Et,0 and ft,0 (F < Fcrit 
and p-value > 5 × 10-2) was found, thus evidencing that for this experimental analysis the 
different failures modes pose as a significant parameter of differentiation for the 
mechanical properties variation. Therefore, the result values are mentioned regarding the 
entire sample without failure mode discrimination and also regarding the different failure 
modes in Table 3.1 (specimens are considered as individual samples without consideration 
of the mean value between A and B locations in the board's height, since different failure 
modes were observed even between those pairs of samples). 
 
Table 3.1: Results of Et,0 and ft,0 from tension parallel to the grain tests attending to 
different failure modes. 
Failure 
mode* 
Et,0 (N/mm2) ft,0 (N/mm2) 
min max mean COV (%) min max mean COV (%) 
splinter 9539 16245 13608 10.64 44.88 113.89 79.99 21.99 
shear 9386 14250 11539 13.85 46.01 83.36 61.54 22.53 
tension 9868 14558 12165 10.60 28.56 103.69 72.40 31.11 
defect  9038 15682 12867 21.03 13.96 67.22 47.62 46.03 
gripping 10224 14290 12437 10.22 50.02 106.17 73.57 19.71 
all 9038 16245 12783 12.88 13.96 113.89 73.23 26.69 
*
 combined tension and shear was not found in any of the test specimens 
The results present that a larger COV is found, in both stiffness and strength, when 
the failure mode was influenced by the presence of defects (mainly small diameter knots 
that were only detected during the preparation of specimens). The variation of values is 
smaller for the Et,0 since it is a parameter calculated in the elastic range where the influence 
of defects is less significant. The mean value of ft,0 when considering the influence of 
defects is significantly smaller than the other failure modes, evidencing the importance of 
defects in tension parallel to grain behaviour. On the other hand, for mean Et,0 the 
difference between failure modes is less significant, although splintering in tension 
presents higher values of elasticity. 
The envelope load/displacement curves regarding each separate failure mode is given 
in Figure 3.39. The lower horizontal line corresponds to the minimum applied load after 
peak found for each case, whereas the higher peak corresponds to the maximum applied 
load. A longer horizontal length of the envelope curve corresponds to a more significant 
post peak behaviour of the specimen before complete failure. This is found for tension 
related failures (splintering and brittle), whereas shear and defect influenced failures 
present less significant post peak behaviour. The amplitude between upper and lower limit 
curves with respect to the origin, corresponds to the possible range for elastic moduli. In 
this case, it was found that higher values of amplitude were in correspondence with higher 
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values of COV for Et,0 and lower values of amplitude were in correspondence with lower 
values of COV for Et,0. The envelope load/displacement curve for all considered types of 
failure is presented in Figure 3.39f, where the contribution of each failure mode is 
presented in dashed line. 
  
a) b) 
  
c) d) 
  
e) f) 
Figure 3.39: Envelope load/displacement curves for tension parallel to grain tests for 
different failure modes: a) splintering tension; b) shear; c) brittle tension; 
d) defect influence; e) gripping influence; f) all failures. 
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The linear correlations between the tension parallel to grain strength with stiffness 
(Figure 3.40) and propagation velocity (Figure 3.41) were calculated assuming the 
different failure modes. Detail about correlation with stiffness and NDT parameters will be 
provided in a following chapter5. 
 
label: regression line r2 
 
ft,0 = 0.0071⋅Et,0-15.97 0.34 
ft,0 = 0.0038⋅Et,0+17.60 0.19 
ft,0 = 0.0071⋅Et,0-13.81 0.16 
ft,0 = 0.0056⋅Et,0-24.05 0.47 
ft,0 = 0.0047⋅Et,0+15.05 0.17 
Figure 3.40: Correlation between Et,0 and ft,0 with consideration of different failure modes. 
  
a)  b) 
 
label: regression line r2 
 
ft,0 = 0.0604⋅vp-177.72 0.33 
ft,0 = 0.0553⋅vp-162.98 0.23 
ft,0 = 0.0426⋅vp-106.37 0.05 
ft,0 = 0.1397⋅vp-538.80 0.99 
ft,0 = 0.0560⋅vp-160.03 0.22 
c) 
Figure 3.41: Correlation between vp and ft,0: a) all samples; b) mean of samples A and B; 
c) all samples with consideration of different failure modes. 
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When considering the mean value of the two measurements by location, the 
coefficient of determination is slightly improved regarding the consideration of all 
samples. The consideration of different failure modes led to a better r2 in the cases of 
splinter and defect influenced failures, but led to lower r2 for the remaining failures modes. 
Overall, low correlations were found with exception of moderate correlations between the 
propagation velocity and Et,0. Also a strong correlation was found between propagation 
velocity and ft,0 of samples with defect influenced failure, however this correlation must be 
considered with caution due to the rather low number of samples for that failure mode. 
 
3.5.3 Density and moisture content tests 
In this test campaign, density and moisture content values were obtained using three small 
clear wood samples of 2 × 2 × 2.5 cm3 (Figure 3.42), taken from each beam (one per each 
left, middle and right segments). After stabilized, in climatic chamber under conditions of 
20 ± 2ºC and a relative humidity of 65 ± 5%, the samples were measured, weighed and 
corrected to a 12% MC density, ρ12, then placed inside an oven (103 ± 2ºC) for 
determination of the dry-oven density, ρ0, and moisture content, MC. The procedure and 
test methodology applied were in consistence with norms ISO 3130 (ISO, 1975a), ISO 
3131 (ISO, 1975b) and UNI 13183-1 (UNI, 2003c). 
 [cm] 
Figure 3.42: Test samples for density and moisture content determination. 
The samples were considered stabilized (with constant mass) in a climatic chamber 
when the results of two successive weightings, carried out at an interval of six hours, did 
not differ by more than 0.5% of the mass of the test piece (ISO, 1975b). Weightings were 
made to five specimens chosen randomly, using a weighting scale with a precision of 
0.01 g in intervals of six hours until the conditioned state was achieved. After reaching a 
stabilized condition the samples dimensions were measured with use of an electronic 
calliper (precision of 0.01 mm). Measurements were made in the symmetry axes of all 
faces. The density corresponding to this particular MC was then calculated, since it 
corresponds to the same conditions of the compression and tension parallel to grain test 
samples before testing. Density in a specific moisture content equal to W, ρW, is calculated 
as: 
2.5
2
2
2
2.52
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=ρ  (3.8) 
where mW is the mass (kg or g) of the test piece at MC = W and aW, bW, lW are the 
dimensions (m or cm) of the test piece at MC = W and thus VW is the volume (m3 or cm3) 
of the test piece at MC = W. The above calculated density is then adjusted to a 12% MC by 
the formula given in Equation 3.9 valid for MC from 7 to 17%, 
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 −⋅−
−=
100
1211W12
WKρρ  (3.9) 
where KV is the coefficient of volumetric shrinkage for a change in MC of 1%. The value 
of KV can be considered as 0.85 ×10-3 ρW when density is expressed in kg/m3 and 0.85 ρW 
when density is expressed in g/cm3. 
The test pieces were then placed inside an oven in order to obtain ρ0 and MC. The 
mass of the test pieces were considered stabilized when the results of two successive 
weightings, carried out at an interval of two hours, did not differ by more than 0.1% of the 
mass of the test piece (UNI, 2003c). When the stabilized state was achieved, the test pieces 
were taken to a desiccator with a silica based absorbent for drying air. After being cooled 
the test pieces dimensions and weight were measured (sufficiently rapid to avoid an 
increase of MC of more than 0.1%) and the ρ0 was calculated through Equation 3.10, while 
MC was calculated, as percentage by mass, through Equation 3.11, as: 
0
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=ρ  (3.10) 
where m0 is the mass (kg or g) of the test piece at absolute dry condition and a0, b0, l0 are 
the dimensions (m or cm) of the test piece at absolute dry condition and thus V0 is the 
volume (m3 or cm3) of the test piece at absolute dry condition, 
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−
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m
mm
 (3.11) 
where m1 is the mass (g) of the test piece before drying and m2 is the mass (g) of the test 
piece after drying. 
The density and moisture content measurements resulted in a mean value of density
 
of 533.66 kg/m3 for dry-oven conditions (MC = 0%) and 571.71 kg/m3 for 12% MC with 
COV of 8.0% and 7.9%, respectively. The average of the COV for the measurements in 
each beam is 5.6% and 5.4%, respectively for 0% and 12% MC. Attending to the moisture 
content measurements, the mean value of MC was 12.21% with COV of 8.1%, while the 
average of the COV for the measurements in each beam was 3.8%.  
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3.6 Final remarks 
The mechanical properties of a timber element may be assessed by several approaches, 
however only by a holistic methodology is possible to have a correct definition of its real 
performance and behaviour when subjected to different load scenarios. In this scenario, the 
presented experimental campaign evidenced the results obtained regarding different 
techniques (NDT, SDT and mechanical characterization) in a multi-scale size analysis. 
Visual inspection and other NDT and SDT, are used as a connection between 
different size scales, and the mechanical properties of timber in bending, compression and 
tension were assessed. Visual inspection evidenced different percentages of segments 
included in a visual grade for the separate testing phases (Figure 3.43). In Phase 1, at the 
old beams scale, the average of segments in each visual grading class is 52.0% for I, 32.1% 
for II, 14.8% for III and 1.1% for NC. In Phase 2, at the sawn beams level, visual grading 
indicates an increase of the average percentage of segments for NC and a decrease for 
class I. A decrease in the average COV of the percentage of a given visual class between 
different members is also found. The average of segments in each visual grading class is 
45.7% for I, 27.1% for II, 12.1% for III and 15.0% for NC. In Phase 3, when dealing with 
sawn boards, the average of segments in a visual grading class is 35.7% for I, 23.2% for II, 
18.8% for III and 22.3% for NC. It was noticed that visual grading often leads to a large 
percentage of rejection of the analysed samples, depending on the considered restricting 
parameters. 
  
a) b) c) 
Figure 3.43: Percentage distribution of segments included in each visual grading class 
according to UNI 11119 (UNI, 2004) for the entire sample: a) old beams; 
b) sawn beams; c) sawn boards. 
Visual inspection was accurate for predicting qualitatively the performance of the 
sawn beams, since the elements with larger percentage of lower grade timber exhibit lower 
values of bending MOE, despite the fact that it proved to be conservative for elements with 
higher grade class percentages. The old beams with at least 20% in lower classes in the 
visual inspection, resulted in the sawn beams with Em,g values lower than the mean, while 
old beams with more than 80% of percentage in higher visual classes originated sawn 
52.0%
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14.8% 1.1%
45.7%
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beams with higher values of Em,g. Also, in the lower size scale, when assessing the 
variability between visual grading in sawn boards, it was noticed a significant difference in 
the values of bending strength, such that a reduction factor of 32%, 42% and 72% are 
found for downgrading from class I, respectively to class II, III and NC. 
In terms of bending stiffness, the mean values of sawn boards results were 18% and 
7% higher than the equivalent values obtained for sawn beams, respectively for Em,l and 
Em,g. As mentioned by Kasal and Anthony (2004), the timber member mechanical 
properties will always be lower than those of small clear specimens because of the 
inevitable presence of defects in structural size pieces. When the specimen size increases 
also the stressed volume increases and for brittle materials or systems organized in series, a 
higher probability exists that a weak link occurs in the volume (Weibull, 1939). 
This increase is, thus, explained by the decrease in influence of defects in the global 
behaviour when the beam was divided into boards, resulting also in a higher COV due to 
the higher difference obtained between segments with and without defects. By isolating the 
effect of knots, timber mechanical properties will improve, as for example in the case of 
glulam beams which have better performance comparing to solid members of the same 
quality (Baltrušaitis, 1999). 
Regarding clear wood specimens, compression and tension parallel to the grain tests 
were made. For the global sample, a mean value of 12620 N/mm2 was found for Ec,0 with 
COV of 15.7%, whereas for fc,0 a mean value of 42.99 N/mm2 was found with a COV of 
17.2%. No significant variation was found when considering different failure modes in 
compression. Also for the global sample, a mean value of 12670 N/mm2 was found for Et,0 
with COV of 12.5%, whereas for ft,0 a mean value of 71.78 N/mm2 was found with a COV 
of 27.1%. In this case, significant variation was found when considering different failure 
modes in tension. The values of compression and tension stiffness were found to be very 
similar both in mean value and COV, however a significant higher tensile strength was 
found but also with higher COV. 
Density and moisture content were also determined. After stabilized (in climatic 
chamber under conditions of 20°C and 59.6% RH), a mean value of density equal to 
519 kg/m3 was obtained with COV of 7.9% for all the sample and 5.5% within beams, 
whereas a mean value of 12.2% was determined for moisture content with COV of 8.1% 
for all the sample and 3.8% within beams. 
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ABSTRACT: Wood is an anisotropic material and its mechanical properties vary not 
only between different species, but also within the same species and even within the same 
element. The variation of wood's mechanical properties is inherent to the natural 
microscopic structure and arrangement of its fibers. Due to this aspect, timber must be 
assessed not only regarding the surrounding environmental conditions but also considering 
the direction of solicitation. Although the complex mechanisms through which timber 
behaves in different solicitations, it is often assumed that the mechanical properties of 
timber may be defined by so-called reference properties, which through its knowledge, will 
allow to define the other properties by empirical correlations. 
The following chapter presents a framework for assessment of variation of 
experimentally tested timber mechanical properties (both by NDT, SDT and mechanical 
testing) in order to establish correlations that may permit to assess an existing timber 
element by measurement of a reference property. For that purpose, the coefficients of 
variation in each type of test are analysed regarding different scales assumed by the phases 
of the experimental campaign and by the size of the sample. An analysis regarding the 
dispersion and outliers is also provided. Moreover, the results of the previous described 
experimental campaign are used as a database for the definition of the correlation between 
measured mechanical properties regarding its variability. 
Finally, fitting of the data to probability distributions will be discussed, taking into 
account the use of Maximum Likelihood Estimates and Goodness-of-fit significance tests. 
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4.1 Variation of results 
4.1.1 Introduction 
Non-destructive testing provides the means to rapidly inspect and detect potential weak 
zones in timber, however these methods often produce unreliable results in the prediction 
of material properties. As stated in Kasal and Anthony (2004), these methods can give 
reasonable comparative measurements, but present weak correlations with material 
strength and with mechanical properties assessed by destructive testing. This correlation is 
often weak, due to natural variability of wood properties, both between and within 
samples. However, even if destructive methods are the most reliable source of information 
about the strength properties of a given element, they require the extraction and destruction 
of the tested sample, which is often unacceptable, especially in historic structures. The 
same authors, also state that the gap between indirect non-destructive and direct fully 
destructive methods of strength measurement may be overpassed by use of semi-
destructive methods, however these methods present an increased variability in the test 
observations due to use of small size specimens. So, in order to obtain representative data, 
a careful spatial distribution of samples and statistical experiment planning and evaluation 
are of utmost importance. Nevertheless, these methods only present information about the 
material properties that must be first correlated with macroscopic parameters, such as size 
and location of natural defects, in order to calculate the strength and stiffness of full scale 
timber members. 
One must note that the range of coefficients of variation (COV) for a given property 
may be quite significant, and that the mechanical properties of wood vary significantly 
within a species. Variability in wood is also dependent of the scale of analysis, such that, 
the variability of properties within a member is fairly lower than the variability between 
members, and is usually greater across the timber thickness when compared with the 
variability along the timber (Brown et al., 1952). In Machado and Cruz (2005), the 
mechanical properties of Maritime Pine timber were observed to evidence a decrease trend 
along the stem (from bottom to top), where juvenile wood seemed to be a key factor of 
differentiation. Variation within-stem was found to be significant, such that a clear increase 
on bending strength (55%), modulus of elasticity parallel to grain (99%), compression 
strength parallel to grain (44%) and tension strength perpendicular to grain (27%) for 
distance to pith from 10% to 90% of the trunk radius was observed. For Norway spruce of 
both fast and slow-grown stands, Kliger et al. (1998) found an increase of bending strength 
(47%) and of modulus of elasticity in bending (30%) in mature wood compared to wood 
near the pith. Also for Norway spruce, Ormasson et al. (1998) mentions a positive 
correlation between distance to pith and modulus of elasticity parallel to grain, as the 
region near the bark presents up to four times the stiffness near the pith. 
 
4.1.2 Variation within phases and scales 
The properties of wood located between defects (clear wood) are expected to correspond to 
both higher strength and modulus of elasticity (MOE) and to present less variability 
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compared to sections of timber influenced by defects. Therefore, it is not prudent to 
consider the results of mechanical tests that only assess small wood samples without 
defects, since the presence of defects may largely influence the structural behaviour of the 
element. The measurement of both weak segments and clear wood sections, leads to the 
definition of the boundary for a possible range of values that a given segment may take 
within an element and its contribution to the global safety analysis. Nevertheless, even 
within this range, the mechanical properties may vary significantly.  
Variability of mechanical properties is an important aspect in structural safety 
analysis, since a higher variability will inevitably lead to higher uncertainty on the global 
assessment. In order to minimize the effects of variability, large amounts of data are often 
required which may be inconsistent with an analysis of an existing structure where a large 
campaign test is usually both costly and time consuming. Therefore, it is normally assumed 
that the measurement of a given selected sample of segments might be representative of the 
global element. 
In this topic, COV has been used to measure the dispersion and variability of the 
results from each experimental phase and scale. To each phase, the results were 
differentiated according to its origin by use of different size scales. These scales are, 
respectively from bigger to smaller size, referent to the measurements made to all beams 
(S1), to each beam (S2) and to each board (S3), see Figure 4.1. In Phase 4, the full set of 
small clear samples from a given beam is assumed to be equivalent to the scale of a beam 
(S2). 
 
  
 
 
 
 
 
 
  
Figure 4.1: Definition of scales for sample differentiation with respect to origin and size. 
 
Experimental campaign phases 
With respect to experimental campaign Phases 1 to 3, Table 4.1 shows the COV for 
different tests and scales. From its analysis it is noticeable that the value of COV tends to 
decrease when a smaller scale is considered (decrease of COV from S1 to S3). This is 
mainly due to the higher influence of outliers when found in a larger scale, as the sample 
board     × 3          × 20         × 1   
beam 
all sample 
S3 
S2 
S1 
S2 
S3 
S1 
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size was smaller in the larger scales. The higher values of dispersion were found when 
evaluating the MOE resulting from the 4-point bending tests, evidencing that the range of 
values obtained in such tests was significantly higher than the obtained for the remaining 
ones. Amongst the NDT, the smaller dispersion was found for the ultrasound tests 
(ultrasound pulse velocity, UPV), whereas the penetration depth evidenced the higher 
values. 
Table 4.1: Coefficients of variation (%) for the different tests made in Phases 1 to 3. 
 
penetration 
depth1) 
resistance 
measure1) 
UPV1), 2) MOE ultimate 
strength 
bottom lateral bottom lateral bottom lateral Em,l Em,g 
Ph
as
e 
1 
all 
sample 23.4 22.5 22.6 --- --- --- --- --- --- 
per 
beam 15.0 12.9 --- --- --- --- --- --- --- 
Ph
as
e 
2 
all 
sample --- --- 10.4 --- 8.6 6.6 25.3 22.0 10.5 
per 
beam --- --- --- --- 6.3 4.9 --- --- --- 
Ph
as
e 
3 
all 
sample 14.3 14.7 10.2 10.2 8.4 --- 30.4 22.8 44.9
3)
 
per 
beam 11.7 13.0 8.7 8.2 6.9 --- 26.5 19.7 --- 
per 
board 10.5 10.8 7.6 6.5 6.3 --- 25.8 17.9 --- 
1)
 test performed perpendicularly to the face 
2)
 propagation velocity in indirect measurement 
3)
 high value due to a selected sample accounting different visual grades 
 
Table 4.2 shows the COV for different tests and scales concerning experimental 
Phase 4, where, as seen in the previous phases, the value of COV tends to decrease when a 
smaller scale is considered. The dispersion of NDT results (in this case, the ultrasound 
tests) is also smaller than the dispersion found in the mechanical tests. Although similar, 
the COV of MOE in compression parallel to grain (Ec,0) was found to be higher than the 
COV of MOE in tension parallel to grain (Et,0). The COV of strength found in tension 
parallel to the grain (ft,0) was found to be much higher than the COV of strength found in 
compression parallel to the grain (fc,0), justified by the higher sensibility that wood has to 
defects in tension rather than in compression and also due to the ductile behaviour in 
compression failure compared to a much more fragile failure characteristic for tension. 
 
 
 
scale 
measure 
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Table 4.2: Coefficients of variation (%) for the different tests made in Phase 4. 
 
UPV1) 
MOE ultimate 
strength 
density 
MC 
direct indirect 12% MC 
0% 
MC 
Ph
as
e 
4 
compression 
\\ grain 
all sample 3.9 9.7 15.7 17.2 --- --- --- 
per beam 2.6 7.9 11.6 15.2 --- --- --- 
tension 
\\ grain 
all sample --- 3.5 12.5 27.1 --- --- --- 
per beam --- 2.6 8.0 24.7 --- --- --- 
density 
all sample --- --- --- --- 7.9 8.0 --- 
per beam --- --- --- --- 5.4 5.6 --- 
moisture 
content 
all sample --- --- --- --- --- --- 8.1 
per beam --- --- --- --- --- --- 3.8 
1) propagation velocity 
 
Visual inspection 
In order to assess the variability between visual inspection made within each phase of the 
experimental campaign, and thus to different scales of the element, the difference (in 
absolute value) between percentages of segments found in a given strength class was 
calculated. The mean value of the differences and the respective COV are given in 
Table 4.3, where it is noticeable that the differences between two consecutives phases 
(from Phase 1 to 2, or from Phase 2 to 3) is smaller than the differences between the two 
non consecutive phases (from Phase 1 to Phase 3). Although, the differences between 
phases are relatively small regarding the subjectivity inherent to a visual inspection, the 
COV are considerably high. For classes I and II the variation is higher in the differences 
between Phases 2 and 3, whereas for classes III and NC, the variation is higher in the 
differences between Phases 1 and 2. 
Table 4.3: Difference (in absolute value) between percentages of segments found in a 
given strength class. 
Scale 
phases1) 
Visual strength class (UNI 11119 (UNI,2004)) 
I II III NC 
mean COV mean COV mean COV mean COV 
1 to 2 18.99 81.89 26.51 80.35 11.04 134.69 14.64 94.47 
2 to 3 14.28 103.19 12.51 101.19 11.62 80.63 11.61 80.57 
1 to 3 27.12 51.27 26.61 70.04 16.14 102.19 21.48 75.83 
1)
 Phases: 1 - old timber beams; 2 - sawn beams; 3 - sawn boards 
scale 
measure 
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Ultrasound testing 
In Figure 4.2, the dispersion of the COV regarding different scales is presented for both 
measurement in sawn beams and boards. For different scales the average values of COV 
are connected by a continuous line. Lower COV are found when assessing the lateral face 
of the sawn beams, whereas a higher dispersion of values is found when considering the 
measurements made to the sawn boards. Comparing the bottom face measurements in the 
experimental Phases 2 and 3, it is visible that the COV for the full sample (all beams and 
all boards) is similar and that the COV for the beam (real or equivalent) scale is also 
similar. 
   
 
 
 
 
 
 
  
 
 
 
 
 
all beams beam 
 
all beams beam   all boards equivalent 
beam 
board 
 
a) b) c) 
Figure 4.2: Dispersion of the COV of propagation velocity in different element scales, 
measurements in: a) lateral face of sawn beams; b) bottom face of sawn 
beams; c) bottom face of sawn boards. 
 
Bending tests 
The values of Em,g and Em,l, were divided according to the visual inspection made to each 
segment and the results, in terms of mean and COV, are presented in Table 4.4. A decrease 
in the mean value and an increase of the COV is visible for lower visual inspection classes. 
For classes I and II, the COV is lower than for the other classes and similar between them. 
The COV is larger for lower classes (III and NC) since the presence of defects increases 
the variability of the results. 
Table 4.4: Em,l and Em,g according to differentiation between visual inspection classes. 
Parameter 
Visual inspection classes 
I II III NC 
Em,l 
mean (N/mm2) 14026 12603 10718 8805 
COV (%) 25.4 25.7 34.9 41.0 
Em,g 
mean (N/mm2) 12580 11246 10032 8395 
COV (%) 17.6 18.8 24.7 32.3 
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4.2 Dispersion of values and outliers 
In the previous topics, it was found that the variation and dispersion of results are largely 
influenced by the presence of values that appear to deviate markedly from the sample. 
These values are often denominated as outliers, defined in ISO 16269-4 (ISO, 2010) as a 
member of a small subset of observations that appears to be inconsistent with the 
remainder of a given sample. Outliers can indicate a measurement error or that the sample 
has a heavy-tailed distribution. In the first case, one may suggest to discard the outliers or 
to use robust statistics, while in the second case the presence of outliers may indicate that 
the adjacent distribution has a high kurtosis (probability distribution evidencing a sharper 
peak and longer, fatter tails, while low kurtosis distribution has a more rounded peak and 
shorter, thinner tails). For the case of high kurtosis distributions, an outlying observation is 
merely an extreme manifestation of the random variability inherent in the data and the 
value should be retained and processed in the same manner as the other observations in the 
sample (ASTM E178, 2008). 
Model-based methods which are often used for outlier detection take as premise that 
the data may be represented by a normal distribution, and by that assumption they identify 
observations that are likely outliers based on mean and standard deviation. A commonly 
used method is the Grubbs' test for outliers, where in a two-sided hypothesis test (either 
having or not having outliers in the sample), the test statistic is given by the largest 
absolute deviation from the sample mean in units of the sample standard deviation. The 
hypothesis of no outliers in a Grubb's test is then rejected regarding a given significance 
level. 
Graphical methods, without any premise about the statistical distribution, are also 
used to evidence the dispersion of the sample and the possible presence of outliers. Within 
these methods, box plots are one of the most common. A box plot is a graphical method to 
describe the dispersion of a numerical data sample through the representation of five 
parameters: the smallest observation (sample minimum), the lower quartile (Q1), the 
median (middle quartile, Q2), the upper quartile (Q3) and the largest observation (sample 
maximum). The body of a box plot is composed by a rectangular shape box delimited by 
the lower and upper quartiles. The box is then connected to the maximum and minimum 
values by straight lines usually known as whiskers. In a box plot, outliers are identified 
based on the interquartile range, such that an outlier may be defined as any observation that 
is outside the range (respectively for lower and upper outliers): 
( ) ( )[ ]133131 , QQkQQQkQ −⋅+−⋅−  (4.1) 
where k is a constant, that for usual analysis takes the value of 1.5 or 3. 
Box plots are non-parametric since they display differences between populations 
without any inference or assumption of the underlying statistical distribution. The interval 
between the different sections of the box permits to evaluate the degree of dispersion and 
skewness in the data, and to identify outliers. 
98 Chapter 4 
 
 
Skewness is a measure of the asymmetry of a probability distribution of a certain 
random variable, being either negative or positive, respectively depending whether data 
points are skewed to the left or to the right of the data average. A null skewness indicates 
that the data is relatively evenly distributed on both sides of the mean. In a box plot, the 
median line (Q2) can also suggest skewness in the distribution if it is noticeably shifted 
away from the centre. The location of the box within the whiskers can provide insight on 
the normality of the sample's distribution, such that if the box is shifted significantly 
towards the minimum value it presents positive skewness, whereas if shifted towards the 
other direction (maximum value) it may be indicative of a negative skewness. Box plots 
may also bring insight to the kurtosis of the distribution, such that a very thin box in 
relation to the whiskers may evidence a higher concentration of values within the 
interquartile range, as found in distributions with high kurtosis. A larger box compared to 
the whiskers may be associated to a low kurtosis distribution. Nevertheless, assumptions 
about the shape parameters of the underlying sample distribution, either skewness or 
kurtosis, must be taken with caution when only assessing a box plot, since it may lead to 
erroneous conclusions. 
In this study, a dispersion analysis using box plots was made to the different test 
result samples in the four experimental phases. For outlier range definition a k = 1.5 was 
chosen. 
 
4.2.1 Phase 1 
The penetration depth was analysed in terms of dispersion by box plot and the results 
evidenced that no outlier was found (Figure 4.3). However, a rather significant dispersion 
is found regarding that the distance between maximum value and third quartiles is higher 
than the interquartile difference (Q3 - Q1). Attending to the location of the box plot, a small 
positive skewness is found. 
 
Figure 4.3: Box plot for penetration impact depth in old beams. 
 
4.2.2 Phase 2 
With respect to the experimental tests made to the sawn beams, the propagation velocity, 
the MOE in bending (both local and global) and the bending strength were analysed. When 
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considering the propagation velocity results (Figure 4.4a), it was found that both tests 
made to lateral and bottom faces evidenced a significant number of lower outliers, 
denoting extreme values in the left tail of the underlying distribution (specially to the 
lateral face measurements). Comparing lateral and bottom measurements, a higher 
dispersion between quartiles Q1 and Q3, and longer whiskers, are found in the bottom 
measurements. However, both present similar median. No significant indication about the 
shape of the distributions is noticeable. 
A comparative analysis between Em,l and Em,g (Figure 4.4b) indicates a higher 
dispersion for the sample of the latter, although two outliers (one lower and one upper)  
were found when analysing the values of the Em,l sample. The median value of Em,l is 
higher and its position is more centred with the quartiles Q1 and Q3 when compared to the 
Em,g median value which is closer to the inferior quartile Q1, indicative of a possible 
positive skewness. In both cases, the dispersion is quite high taking into account the range 
between the maximum and minimum values without outliers. The box plot for the bending 
strength (Figure 4.4c) must be considered with care, since the sample number is 
insufficient to construct a reliable dispersion statistic. 
 
 
 
a)  b) c) 
Figure 4.4: Box plot for tests made on sawn beams: a) propagation velocity in ultrasound 
testing by the indirect method; b) MOE in bending tests; c) bending strength. 
 
4.2.3 Phase 3 
With respect to the experimental tests made to the sawn boards, the propagation velocity, 
the MOE in bending (both local and global), penetration depth and drilling resistance were 
analysed. When considering the propagation velocity results (Figure 4.5a), it was found 
that the tests made to bottom face of the boards by indirect method, presented a large 
number of lower outliers. This evidences extreme values in the left tail of the underlying 
distribution, which has also similarly occurred in the previous phase for the analogous 
measurements. In this case, by comparison to the distance from quartile Q1 to the lower 
outliers, a rather thin box is found, however, a small difference is found if comparing the 
size of the box with the length of the whiskers without outliers. The median is centred with 
quartiles Q1 and Q3. 
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The dispersion analysis of MOE in bending (Figure 4.5b) evidences a higher 
dispersion for the Em,l rather than the Em,g, which did not occur in the previous phase, 
however, the median of Em,l is still higher than the median of Em,g. In both cases, a 
significant number of observations are considered lower outliers, and also upper outliers 
are found for Em,l. The significant dispersion found in Em,l is consequent of the existence of 
a large number of extreme observations and a rather thin difference between quartiles Q1 
and Q3, thus evidencing a possible underlying distribution with high kurtosis. 
Regarding the penetration depth and drilling resistance, a larger dispersion of values 
was found for the samples of tests made to the lateral faces, although in both cases, a larger 
number of outliers were found in the bottom face measurements (Figure 4.5c, d). Within 
the same test, penetration depth median was similar in both bottom and lateral 
measurements, whereas in the case of the drilling resistance, a quantitative increase of 
quartiles Q1, Q2 and Q3 was found for the lateral measurements. 
 
 
a)  b) 
  
 
 
c)  d) 
Figure 4.5: Box plot for tests made on sawn boards: a) propagation velocity in ultrasound 
testing by the indirect method; b) MOE in bending tests; c) penetration 
impact depth; d) drilling resistance by resistance measure. 
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4.2.4 Phase 4 
Phase 4 comprised a set of tests made to small wood specimens, and thus it is expectable 
that dispersion due to the material variability is decreased, since the specimens are selected 
in order to minimize the presence of defects which are a cause of mechanical property 
higher variation. 
In the compression parallel to the grain tests, the propagation velocity, the MOE and 
ultimate strength in compression parallel to grain, were analysed. When considering the 
propagation velocity results (Figure 4.6a), a larger dispersion in the indirect measurements, 
with an extreme lower outlier is found. For direct measurements the values are more 
concentrated, especially in the interquartile interval (between Q1 and Q3). In both cases the 
median is centred within the box and both evidence lower outliers. The quartile Q3 and the 
maximum value are similar in both measurements. 
A moderate dispersion in the Ec,0 sample (Figure 4.6b) is found, however it presents 
lower outliers and the box is closer to the minimum value, which may be indicative of a 
positive skewness. On the other hand, the fc,0 sample (Figure 4.6c) presents a higher 
dispersion, also evidencing lower outliers. Its median is centred in the interquartile interval 
and the box is centred within the extent of the whiskers. 
   
a)  b) c) 
Figure 4.6: Box plot for tests made on compression parallel to grain specimens: 
a) propagation velocity in ultrasound testing; b) MOE in compression parallel 
to grain tests; c) compression parallel to grain strength. 
 
In the tension parallel to the grain tests, the propagation velocity, the MOE and 
ultimate strength in tension parallel to grain were analysed. In neither tests an outlier was 
found although large dispersions were detected. When considering the propagation 
velocity results (Figure 4.7a), a relative thin box is found centred within the maximum and 
minimum values, which may be indicative of a significant dispersion in the tails of the 
underlying distribution with a possible high kurtosis. Analogous situations are found with 
respect to Et,0 and ft,0 (Figure 4.7b, c), where also significant dispersions are found with 
relative thin boxes compared to the length of the whiskers, being the values of ft,0 more 
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disperse in the lower tail. In the analysis of the box plot of ft,0, the approximation of the 
box to the upper quartile Q3 may be indicative of a slight negative skewness. 
   
a)  b) c) 
Figure 4.7: Box plot for tests made on tension parallel to grain specimens: a) propagation 
velocity in ultrasound testing; b) MOE in tension parallel to grain tests; 
c) tension parallel to grain strength. 
 
Comparing the box plots for compression and tension parallel to grain, it is found 
that the latter present a higher dispersion even though no outliers are present. Previously it 
was already found that the COV in the tension parallel to grain tests was higher than the 
equivalent values for compression parallel to grain tests. Therefore, in this case the 
dispersion analysis was in accordance with the COV analysis, which might not always 
necessarily happen since the COV is dependent of sample mean and thus is outlier 
sensitive, whereas the dispersion analysis given by a box plot is dependent only of the 
definition of the quartiles. 
By analysing the propagation velocity measurements made to all samples in the 
different experimental phases, it is found that lower outliers are found in almost all cases 
which may be either indicative of a tendency of these measures to take left tailed 
distributions, or that a measurement error associated to these procedure is being 
systematically considered. Measurement errors are most commonly random, thus taking 
either negative or positive values, however in this case no upper outliers are found and so 
the probability of considering the lower outliers as consequence of measurement errors 
must be considered low. 
With respect to the density and moisture content determination tests, high dispersions 
are found, although no outlier is found (Figure 4.8). The median is centred both within the 
box and between the extreme values, evidencing a possible symmetric distribution such as 
of a normal distribution. The box plots for ρ0 and ρ12 are similar with only a shift of the 
values. 
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a)  b) 
Figure 4.8: Box plot for tests made on small clear specimens: a) density; b) moisture 
content. 
 
4.3 Correlations between test phases 
The correlation between mechanical properties is often based in the explicit definition and 
use of so-called reference properties, which through its knowledge will allow to define 
implicitly the other properties by empirical correlations. The use of these reference 
properties is the cornerstone of the Probabilistic Model Code (JCSS, 2006) where bending 
strength, bending modulus of elasticity and timber density are considered for that purpose. 
Nevertheless, the material property in analysis may deviate in terms of type, of dimensions 
(scale) and of specific loading and climate conditions, but these behaviours are generally 
treated separately (Köhler, 2007). 
Although density has a significant influence on wood mechanical properties 
(Dinwoodie, 1981) and on non-destructive analysis, it alone cannot explain the variability 
in other mechanical properties and should not be relied upon as the sole predictor (Kasal 
and Anthony, 2004). On the other hand, modulus of elasticity often present better 
correlations with other mechanical properties. Görlacher (1991) has concluded that 
reasonable correlations can be taken between modulus of elasticity and strength of both 
new and old timber, supported by the findings of Ehlbeck and Görlacher (1990) where no 
significant difference was found between compressive, bending and shear strengths of old 
and new timber. In the same perspective, Gloss (1986) mentions that the correlation 
coefficient between modulus of elasticity and strength (for bending, compression and 
tension) may range from 0.7 to 0.8. 
In order to correlate the test results from the same segments of the timber elements, 
several scales have been considered. For instance, when comparing the values per beam, 
the results taken in a set of three boards were first averaged, whereas when considering the 
values per segment, the values of a beam would be given to all sections. Also when 
considering the small clear samples by location (left: 10-130 cm; centre 90-210 cm; 
right: 170-290 cm), the respective values given in the corresponding sections were 
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averaged to that location. In the case of measurements taken to a given region of the beam, 
such as in the case of Em,l in l1, only that region was considered for the remaining 
measurements. A generic example for the determination of each scale regarding different 
measured data is given in Annex B. For this analysis, the scales represent: 
- sections: measurements made in each 40 cm segments (when only a value is 
given by beam, the sections values are equal to the individual beam value); 
- left-centre-right (L-C-R): correspond to the regions from where the small 
clear samples were extracted, such that left is the region between 
[10;130] cm, centre is between [90;210] cm and right between [170;290] cm; 
- total/board: the averaged value of the sections values per each board (1 to 3); 
- l1 region: measurements made in the l1 region of the 4 point bending test in 
beams (l1 region according to EN408 (CEN, 2010)) per each board, 
corresponding to the region [112.5;187.5] cm; 
- mean/section: averaged value of the sections in the same position of each 
three boards of a given beam; 
- mean/L-C-R: averaged value of the left, centre and right regions of each three 
boards of a given beam; 
- mean/total: the averaged value of the sections values per each beam (A to T) 
or the individual value of a single test made to a beam; 
- mean/l1 region: measurements made in the l1 region of the 4 point bending 
test in beams (l1 region according to EN408 (CEN, 2010)) per each beam, 
corresponding to the region [112.5;187.5] cm. 
In the following topics the most relevant correlations are presented regarding its 
adequate scale, different visual classes and samples without the outlier values found in 
previous topics. 
In a first analysis, the correlation between Em,l and Em,g is assessed in different 
experimental phases (Figure 4.9), thus considering measurements taken by individual beam 
(Phase 2) and measurements taken to each segment of a board (Phase 3). A high 
correlation is found in the results of Phase 2, however a medium low correlation is found 
for Phase 3, due to higher variation of the values. By considering the average values of 
segments measurements by its respective beam, a high correlation value is now obtained. 
Therefore, in order to mitigate the variation of the results of Em in a set of three boards, the 
results of the segments must be first averaged by beam. The visual inspection made to the 
sawn beams and boards evidenced sample coefficients of determination in the same order 
of those obtained when considering the full sample. However, these values are lower when 
the averaged value is assumed. The elimination of the outlier values did not produce 
significant increase on the sample coefficient of determination, and in some cases even led 
to a small decrease. 
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y = m⋅x + b m b r2  y = m⋅x + b m b r2  
all 1.029 -410.93 0.82  all 1.007 1169.75 0.46  
class I 1.028 -434.75 0.82  class I 0.925 2250.95 0.35  
class II 1.040 -653.03 0.82  class II 0.940 2142.80 0.42  
class III 1.082 -900.48 0.85  class III 1.017 552.40 0.40  
class NC 1.088 -966.46 0.81  class NC 0.797 2310.20 0.33  
no outliers 0.792 2208.99 0.75  no outliers 0.992 1266.57 0.47  
Em,g outlier probability = 0.000  Em,g outlier probability = 0.021  
Em,l outlier probability = 0.100  Em,l outlier probability = 0.024  
a) b) 
  
 
 
 y = m⋅x + b m b r2  
all 1.338 -2701.30 0.89 
class I 1.040 709.09 0.69 
class II 1.413 -3697.38 0.55 
class III 0.883 1657.61 0.32 
class NC 0.979 1172.92 0.69 
no outliers 1.336 -2848.91 0.84 
 Em,g outlier probability = 0.021  
 Em,l outlier probability = 0.024  
c) 
Figure 4.9: Correlation between Em,l and Em,g in: a) Phase 2 with mean/total scale; 
b) Phase 3 with section scale; c) Phase 3 with mean/total scale. 
In a second step, the coefficient of determination for Em,l and Em,g considering 
different phases is analysed. However, due to the multiple measurements in the sawn 
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boards, different size samples are obtained between phases. Thus, when considering the 
values per section it is evident that for the same value in Phase 2, an interval of values is 
obtained in Phase 3. Therefore, the correlations found in those cases are low and should 
not be considered.  
In the case of Em,l, the results are first considered to all the results of Phase 3 
measurements (Figure 4.10). However, to obtain a more precise correlation between the 
same measured sections, in a second analysis, only the segments in the boards comprised 
in the region l1 of the 4-point bending tests for the sawn beams were considered (Figure 
4.11). A noticeable increase between scales is found when assessing equivalent regions 
(r2  = 0.68 > 0.54). 
In the case of Em,g (Figure 4.12), a moderate high correlation is found between 
experimental phases when considering the mean/total of values. The coefficient of 
determination is slightly higher between Em,g than between Em,l (r2 = 0.71 > 0.68), mainly 
due to the larger variation found for Em,l in both Phases 2 and 3. 
  
  
y = m⋅x + b m b r2  y = m⋅x + b m b r2  
all 0.278 7575.86 0.15  all 1.017 -1957.45 0.54  
class I 0.360 6481.11 0.16  class I 1.148 -4454.33 0.52  
class II 0.260 7408.31 0.09  class II 0.266 7862.43 0.05  
class III 0.352 6861.08 0.16  class III 0.765 3039.22 0.38  
class NC 0.165 8793.96 0.05  class NC 0.465 5918.08 0.18  
no outliers 0.143 9398.04 0.07  no outliers 0.691 2413.81 0.36  
Em,l beams outlier probability = 0.100  Em,l beams outlier probability = 0.100  
Em,l boards outlier probability = 0.024  Em,l boards outlier probability = 0.024  
a)  b) 
Figure 4.10: Correlation of Em,l between Phases 2 and 3: a) between Em,l with section 
scale;  b) between Em,l with mean/total scale. 
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y = m⋅x + b m b r2  y = m⋅x + b m b r2  
all 0.733 1829.06 0.47  all 1.064 -2369.78 0.68  
class I 0.705 2006.18 0.38  class I 1.362 -6985.05 0.79  
class II 0.562 3974.60 0.28  class II 0.767 1696.57 0.37  
class III 0.829 1769.31 0.44  class III 0.808 2051.36 0.47  
class NC 0.053 8194.63 0.00  class NC 0.706 1565.36 0.49  
no outliers 0.657 2960.64 0.49  no outliers 0.906 -96.27 0.70  
Em,l beams outlier probability = 0.100  Em,l beams outlier probability = 0.100  
Em,l boards outlier probability = 0.024  Em,l boards outlier probability = 0.024  
a)  b) 
Figure 4.11: Correlation of Em,l between Phases 2 and 3 in l1 region: a) between Em,l with 
section scale;  b) between Em,l with mean/total scale. 
 
  
  
y = m⋅x + b m b r2  y = m⋅x + b m b r2  
all 0.431 6246.52 0.21  all 1.450 -5628.26 0.71  
class I 0.588 4213.18 0.23  class I 1.296 -4801.46 0.54  
class II 0.418 6234.08 0.14  class II 1.073 -1000.45 0.31  
class III 0.304 7487.91 0.07  class III 0.611 4936.82 0.14  
class NC 0.160 8753.67 0.04  class NC 0.266 8282.28 0.06  
no outliers 0.467 5800.67 0.20  no outliers 1.552 -7021.71 0.68  
Em,g beams outlier probability = 0.000  Em,g beams outlier probability = 0.000  
Em,g boards outlier probability = 0.021  Em,g boards outlier probability = 0.021  
a)  b) 
Figure 4.12: Correlation of Em,g between Phases 2 and 3: a) between Em,g with section 
scale;  b) between Em,g with mean/total scale. 
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In existing structures, it is impossible to assess the full element as described in 
Phase 3, and most often only NDT are allowed and made to specific parts of the element. 
In order to consider these constraints, also the correlations of Em between Phase 2 and the 
results of the bottom board (board 3, equivalent to the face usually accessible onsite) are 
considered (Figure 4.13). The results evidence moderate high correlations (r2 = 0.69; 
r
2
 = 0.67) and the coefficient of determination did not decrease significantly with 
consideration to all measurements, thus the bottom boards may be considered 
representative of the global element in terms of Em. 
  
  
y = m⋅x + b m b r2  y = m⋅x + b m b r2  
all 0.911 -511.77 0.69  all 1.129 -2465.39 0.67  
class I 0.918 -733.53 0.76  class I 1.049 -2340.15 0.51  
class II 0.629 1801.67 0.12  class II 1.060 -1948.50 0.36  
class III -0.091 11768.80 0.02  class III 0.805 1971.89 0.30  
class NC 0.152 5907.23 0.02  class NC -0.101 10948.56 0.02  
no outliers 0.743 1880.46 0.69  no outliers 1.192 -3334.00 0.64  
Em,l beams outlier probability = 0.100  Em,g beams outlier probability = 0.000  
Em,l boards outlier probability = 0.024  Em,g boards outlier probability = 0.021  
a)  b) 
Figure 4.13: Correlation between bending tests in Phase 2 and 3 for the results only in the 
bottom board: a) between Em,l; b) between Em,g. 
 
4.3.1 Modulus of elasticity with NDT 
With respect to the ultrasound tests, the correlation with the stiffness material properties of 
the elements acquired from the mechanical tests was made regarding the propagation 
velocity. In a first analysis, the correlation between the measurements made to sawn beams 
and to sawn boards is assessed in order to attest the use of the ultrasounds in Phases 2 and 
3. In order to do so, the measurements made to the bottom face of the sawn beams are 
compared to the measurements made to the bottom face of board 3 (bottom board) of each 
set of sawn boards, and also to the mean value per segment (scale mean/segment) in the 
boards (Figure 4.14). It is noticeable that the correlation between the results of the sawn 
beam measurements with the measurements only for the bottom boards, is higher than for 
the mean of the boards per segment (r2 = 0.81 > 0.49). Although a higher correlation for 
the first case was evident and expectable (since the measurement locations are the same), 
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the significant decrease in the coefficient of determination for the second case indicates 
that indirect measurements of ultrasound revealed to be more indicated for the 
determination of local properties (or the properties of the superficial layers) rather than to 
the global element (interior of the element) for this case. 
  
a) b) 
Figure 4.14: Correlation between measurements of propagation velocity, vp, for sawn 
beams and: a) bottom face of sawn boards; b) mean of the boards per 
segment. 
When analysing the structural element globally, the mean of all ultrasound 
measurements done to the same element, either sawn beam or group of sawn boards, were 
compared and a coefficient of determination of 0.68 was obtained (Figure 4.15).  
 
Figure 4.15: Correlation between mean of total measurements of propagation velocity, 
vp, for each sawn beam and group of sawn boards. 
Since the correlations between measurements in different experimental phases for 
equivalent segments were significant, it is possible to predict a measurement in a given 
scale by the measurement of the other with an acceptable residual. 
After the analysis between results of ultrasound propagation velocity in different 
experimental phases, the results were compared to the stiffness results attained in the 
4-point bending tests. In Phase 2, the ultrasound tests made within the l1 region are 
averaged and compared to the Em,l, while the average of all measurements is compared to 
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Em,g (see Figure 4.16). Medium correlations are found, and in both cases the consideration 
of the different visual classes, led to higher correlations with exception of class NC, where 
a very low (inexistent) correlation is obtained, due to the large variation in the sample. 
  
  
y = m⋅x + b m b r2  y = m⋅x + b m b r2  
all 5.542 -16201.70 0.52  all 5.245 -14654.24 0.61  
class I 5.873 -17407.05 0.64  class I 5.527 -15610.52 0.73  
class II 6.757 -22119.79 0.67  class II 5.802 -17069.63 0.72  
class III 6.027 -18405.14 0.63  class III 5.382 -15057.28 0.71  
class NC -1.582 15668.64 0.03  class NC -2.170 19015.96 0.05  
no outliers 3.576 -6689.67 0.27  no outliers 6.364 -20343.49 0.61  
Em,l beams outlier probability = 0.100  Em,g beams outlier probability = 0.000  
vp beams outlier probability = 0.029  vp beams outlier probability = 0.029  
a)  b) 
Figure 4.16: Correlation between propagation velocity and: a) Em,l in mean/l1 region scale; 
b) Em,g in mean/total scale. 
 
In the case of the correlation with Em,l, two clusters of values are found with similar 
inclination of the respective linear tendency lines (Figure 4.17). Thus, if considering 
Equation 3.4 and density given by the mean value of all measurements, different ratios K 
are obtained. A group with 75% of the beams (G1) evidenced a mean K = 0.86, whereas a 
second group with 25% of the beams (G2: beams F, H, L, M and Q) evidenced a mean 
K = 0.56. Considering the two separate groups in the comparison between vp and Em,l, high 
correlations were found. Considering the same groups for the analysis with Em,g, a high 
correlation was found for G1 but a medium low correlation was found for G2. Although 
from the same timber specie, the wood origin and its conditions of growth were not 
established, which may account to the found differences. Regarding these results, the 
correlations of Em with ultrasound tests between different scales are also referred to each 
group separately. 
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y = m⋅x + b m b r2  y = m⋅x + b m b r2  
all 5.542 -16201.70 0.52  all 5.245 -14654.24 0.61  
G1 5.274 -13956.37 0.76  G1 6.516 -20030.68 0.77  
G2 5.300 -17843.33 0.95  G2 5.028 -15282.02 0.46  
a)  b) 
Figure 4.17: Differentiation by groups and correlation of propagation velocity with: a) Em,l 
in mean/l1 region scale; b) Em,g in mean/total scale. 
The ultrasound measurements made in Phase 3 were also correlated to the sequential 
4-point bending tests made to the sawn boards. In Figure 4.18 and 4.19, the ultrasound 
measurements in section and mean/total scales are considered for correlation with Em,l and 
Em,g, respectively. Low correlations are found when considering the direct correlation 
between measurements in each segment (section scale) in both cases (r2 = 0.29 and 0.47), 
whereas high correlations are found when assuming the average of the results by each 
beam (mean/total scale) (r2 = 0.83 and 0.89), with better correlations when analysing Em,g. 
Neither the consideration of different visual classes or groups G1 and G2 produced 
significantly higher correlations, nor even for lower classes (classes III and NC) 
considerable lower correlations are found. 
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y = m⋅x + b m b r2  y = m⋅x + b m b r2  
all 5.191 -12325.29 0.29  all 8.580 -28814.55 0.83  
class I 5.310 -12480.67 0.28  class I 7.501 -22858.77 0.84  
class II 5.078 -11726.46 0.27  class II 7.328 -23107.97 0.40  
class III 2.328 105.42 0.06  class III 3.469 -6240.98 0.10  
class NC 2.312 -1139.98 0.08  class NC 5.971 -18373.37 0.24  
no outliers 6.292 -17836.31 0.29  no outliers 9.792 -35139.63 0.84  
G1 5.689 -14622.51 0.29  G1 8.718 -29453.01 0.82  
G2 3.401 -4516.70 0.29  G2 5.056 -12311.12 0.996  
Em,l boards outlier probability = 0.024  Em,l boards outlier probability = 0.024  
vp boards outlier probability = 0.039  vp boards outlier probability = 0.039  
a)  b) 
Figure 4.18: Correlation between measurements in sawn boards of propagation velocity 
and: a) Em,l in sections scale; b) Em,l in mean/total scale. 
 
  
  
y = m⋅x + b m b r2  y = m⋅x + b m b r2  
all 4.435 -9900.30 0.47  all 6.270 -18823.69 0.89  
class I 3.377 -4147.28 0.28  class I 5.135 -12558.61 0.62  
class II 4.427 -10047.79 0.44  class II 4.808 -11886.78 0.62  
class III 4.219 -9432.58 0.47  class III 2.220 -661.57 0.10  
class NC 2.960 -4594.36 0.26  class NC 2.730 -3684.16 0.07  
no outliers 5.190 -13578.55 0.43  no outliers 6.599 -20585.80 0.82  
G1 4.677 -11051.10 0.44  G1 6.362 -19299.27 0.88  
G2 3.680 -6497.57 0.56  G2 5.802 -16495.99 0.94  
Em,g boards outlier probability = 0.021  Em,g boards outlier probability = 0.021  
vp boards outlier probability = 0.039  vp boards outlier probability = 0.039  
a)  b) 
Figure 4.19: Correlation between measurements in sawn boards of propagation velocity 
and: a) Em,g in sections scale; b) Em,g in mean/total scale. 
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In Phase 4, the correlations between ultrasound tests and MOE in parallel to grain 
direction were also assessed for both compression and tension. The correlations are 
considered with respect to the mean/L-C-R scale since the samples were taken with respect 
to the left, centre and right segments of each beam. 
In compression parallel to grain, Ec,0 and the ultrasound in indirect tests presented a 
very low correlation (influenced by the short distance between transducers), whereas a 
medium low correlation is obtained with direct tests (Figure 4.20). Since a non-significant 
variation was found with respect to the different failure modes, the analysis was made 
considering all specimens. 
  
a)  b) 
Figure 4.20: Correlation between compression parallel to grain mechanical properties and 
propagation velocity: a) vp indirect measurements; b) vp direct measurements. 
In tension parallel to grain, medium correlations are obtained between Et,0 and the 
ultrasound in indirect tests (Figure 4.21). A slightly better correlation is observed when 
assuming the average value of the measurements made to each two samples taken by 
segments. 
  
 a)  b) 
Figure 4.21: Correlation between vp and Et,0: a) all samples; b) mean of samples 1 and 2. 
The analysis was also made considering the different failure modes (Figure 4.22), 
since a significant variation was found with respect to that parameter. With respect to the 
analysis of different failure modes, the coefficient of determination is similar with 
exception to the failures due to gripping influence. 
Ec,0 = 1.67⋅vp + 4459
r² = 0.16
0
5000
10000
15000
20000
3000 4000 5000 6000
E c
,
0
(N
/m
m
2 )
vp (m/s) indirect measurements
Ec,0 = 6.90⋅vp - 23365
r² = 0.50
0
5000
10000
15000
20000
4000 5000 6000
E c
,
0
(N
/m
m
2 )
vp (m/s) direct measurements
Et,0 = 7.76⋅vp - 19813
r² = 0.55
0
5000
10000
15000
20000
3500 4000 4500 5000
E t
,
0
(N
/m
m
2 )
vp (m/s) - indirect measurements
Et,0 = 8.12⋅vp - 21350
r² = 0.58
0
5000
10000
15000
20000
3500 4000 4500 5000
E t
,
0
(N
/m
m
2 )
vp (m/s) - indirect measurements
2020
114 Chapter 4 
 
 
 
y = m⋅x + b m b r2 
 
6.9263 -15926 0.64 
8.5765 -23293 0.41 
7.2553 -18255 0.48 
12.609 -39526 0.53 
4.8987 -8013.9 0.22 
 
  
Figure 4.22: Correlation between vp and Et,0 with consideration of different failure modes. 
The propagation velocity was also correlated with MOE parallel to grain in 
compression, Ec,0, and tension, Et,0, with respect to the averaged value within a single beam 
(mean/total scale). The results evidenced a lower correlation for Ec,0 but higher for Et,0 
when considering the mean/total scale (Figure 4.23). 
  
a)  b) 
Figure 4.23: Correlation between parallel to grain stiffness and propagation velocity in 
mean/total scale: a) compression and vp direct measurements; b) tension and 
vp indirect measurements. 
Pin penetration and drilling resistance tests made to the segments of sawn boards led 
to very low correlations (< 0.07). Although still low, correlations were found stronger 
when assuming the mean values per board and to the tests made perpendicularly to the 
lateral face (Table 4.5). In Ceraldi et al. (2001), although considering different kinds of 
wood in the same sample, the resistance measure presented a medium correlation with 
density (r2 = 0.66) and no correlation with axial compressive strength. In this experimental 
campaign also no correlation was found between the resistance measurement and the 
compression parallel to grain stiffness or strength.  
Table 4.5: Correlation between NDT, depth (mm), RM (bit), and Em (N/mm2) in Phase 3. 
Properties m b r2 
Em,l = depth ⋅ m + b -1571.9 25685.3 0.25 
Em,l = RM ⋅ m + b 69.967 -7930.9 0.38 
Em,g = depth ⋅ m + b -1419.4 23095.8 0.30 
Em,g = RM ⋅ m + b 60.337 -6415.8 0.41 
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4.3.2 Modulus of elasticity in bending and other MOE (compression and tension) 
In this topic the stiffness regarding different solicitations to the grain is considered, with 
especial attention to bending. When an element is under bending, both compression and 
tension are present in the same section, and so Em (Phases 2 and 3) correlations with Ec,0 
and Et,0 (Phase 4) will be addressed. 
When considering the Em of sawn beams, for both Em,l and Em,g, the correlations with 
Ec,0 are very low (Figure 4.24). The differentiation by visual classes lead to similar 
coefficients of determination and the tendency lines present similar inclinations. The no 
inclusion of outliers produced better correlations within the parameters, which in any case 
present that Ec,0 is better correlated with Em,g, although still with low correlations. 
  
  
y = m⋅x + b m b r2  y = m⋅x + b m b r2  
all 0.208 10362.14 0.21  all 0.279 9571.43 0.29  
class I 0.212 10420.79 0.22  class I 0.274 9704.80 0.28  
class II 0.193 10747.23 0.20  class II 0.250 10050.55 0.26  
class III 0.211 10414.42 0.22  class III 0.282 9636.55 0.28  
class NC 0.167 10739.66 0.15  class NC 0.217 10192.60 0.17  
no outliers 0.345 9148.22 0.29  no outliers 0.375 8759.78 0.49  
Em,l beams outlier probability = 0.100  Em,g beams outlier probability = 0.000  
Ec,0 outlier probability = 0.033  Ec,0 outlier probability = 0.033  
a)  b) 
Figure 4.24: Correlation between Em in Phase 2 and Ec,0 for mean/total scale: a) Em,l; 
b) Em,g. 
The stiffness measurements in Phase 3 are also correlated with Ec,0 in both 
mean/L-C-R (Figure 4.25) and mean/total (Figure 4.26) scales. In both scales, very low 
correlations are found with exception of the Ec,0 and Em,g in mean/total scale, with a low 
correlation (r2 = 0.43). Moreover, when not considering outliers in Ec,0 and Em,l in 
mean/total scale, a low correlation was found (r2 = 0.47). In the overall results Ec,0 is better 
correlated with Em,g, although still with low correlations. Higher correlations were also 
noted in the higher classes, since the compression parallel to grain samples were taken 
from segments with the lower possible presence of defects. 
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y = m⋅x + b m b r2  y = m⋅x + b m b r2  
all 0.228 9854.41 0.08  all 0.436 7710.15 0.14  
class I 0.267 9165.39 0.08  class I 0.427 7485.22 0.11  
class II 0.085 11718.68 0.01  class II 0.477 7321.42 0.15  
class III -0.152 14529.54 0.05  class III -0.232 15260.64 0.05  
class NC 0.007 12435.04 0.00  class NC -0.060 13060.14 0.01  
no outliers 0.364 8246.34 0.19  no outliers 0.596 5941.18 0.27  
Em,l boards outlier probability = 0.024  Em,g boards outlier probability = 0.021  
Ec,0 outlier probability = 0.033  Ec,0 outlier probability = 0.033  
a)  b) 
Figure 4.25: Correlation between Em in Phase 3 and Ec,0 for mean/L-C-R scale: a) Em,l; 
b) Em,g. 
 
  
  
y = m⋅x + b m b r2  y = m⋅x + b m b r2  
all 0.296 8968.87 0.22  all 0.584 5982.89 0.43  
class I 0.253 9353.84 0.12  class I 0.530 6219.61 0.34  
class II 0.151 11000.47 0.09  class II 0.652 5355.60 0.48  
class III -0.052 13310.60 0.01  class III -0.132 14100.97 0.02  
class NC -0.111 13697.05 0.05  class NC -0.153 13996.31 0.07  
no outliers 0.477 6799.51 0.47  no outliers 0.345 9148.22 0.29  
Em,l boards outlier probability = 0.024  Em,g boards outlier probability = 0.021  
Ec,0 outlier probability = 0.033  Ec,0 outlier probability = 0.033  
a)  b) 
Figure 4.26: Correlation between Em in Phase 3 and Ec,0 for mean/total scale: a) Em,l; 
b) Em,g. 
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When considering the Em of sawn beams, for both Em,l and Em,g, the correlations with 
Et,0 are low (Figure 4.27). The differentiation by visual classes lead to slightly higher 
coefficients of determination, especially for classes I and II. The overall correlations of Em, 
in Phase 2, with Et,0 are higher than the correlations with Ec,0, thus evidencing that the 
bending process of a timber element is more influenced by the tensioned region. 
  
  
y = m⋅x + b m b r2  y = m⋅x + b m b r2  
all 0.305 9317.02 0.39  all 0.352 8764.31 0.40  
class I 0.268 10007.70 0.46  class I 0.299 9620.74 0.44  
class II 0.249 10383.35 0.51  class II 0.268 10116.19 0.45  
class III 0.267 10002.67 0.45  class III 0.310 9531.32 0.44  
class NC 0.252 10032.24 0.45  class NC 0.284 9681.32 0.39  
no outliers 0.314 9169.06 0.22  no outliers 0.352 8764.31 0.40  
Em,l beams outlier probability = 0.100  Em,g beams outlier probability = 0.000  
Et,0 outlier probability = 0.000  Et,0 outlier probability = 0.000  
a)  b) 
Figure 4.27: Correlation between Em in Phase 2 and Et,0 for mean/total scale: a) Em,l; 
b) Em,g. 
The stiffness measurements in Phase 3 are also correlated with Et,0 in both 
mean/L-C-R (Figure 4.28) and mean/total (Figure 4.29) scales. In mean/L-C-R scale low 
correlations are found (r2 = 0.43 and 0.33 for Em,l and Em,g, respectively), however for 
mean/total scales moderate high correlations are obtained (r2 = 0.67 for both Em,l and Em,g). 
In the overall results, better correlations of Em and Et,0 are found for Em,l and for higher 
visual classes (classes I and II) where lower concentrations of defects exist. This is mainly 
due to the high influence of defects in tension behaviour, and also, it must be noted that the 
tension parallel to grain tests were made to clear wood samples, thus being more 
representative of classes I and II. 
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y = m⋅x + b m b r2  y = m⋅x + b m b r2  
all 0.390 7967.79 0.43  all 0.488 7309.03 0.33  
class I 0.396 7618.13 0.32  class I 0.358 8543.05 0.15  
class II 0.206 10441.70 0.19  class II 0.391 8558.18 0.24  
class III 0.197 10954.79 0.18  class III 0.146 11611.82 0.04  
class NC 0.087 11680.00 0.03  class NC 0.034 12254.21 0.00  
no outliers 0.420 7579.61 0.41  no outliers 0.484 7303.26 0.28  
Em,l boards outlier probability = 0.024  Em,g boards outlier probability = 0.021  
Et,0 outlier probability = 0.000  Et,0 outlier probability = 0.000  
a)  b) 
Figure 4.28: Correlation between Em in Phase 3 and Et,0 for mean/L-C-R scale: a) Em,l; 
b) Em,g. 
 
  
  
y = m⋅x + b m b r2  y = m⋅x + b m b r2  
all 0.451 7185.36 0.67  all 0.639 5545.99 0.67  
class I 0.461 6725.74 0.53  class I 0.485 6982.46 0.37  
class II 0.186 10820.03 0.21  class II 0.588 6369.97 0.58  
class III 0.278 10034.08 0.32  class III 0.258 10365.88 0.11  
class NC 0.084 11871.64 0.04  class NC 0.025 12509.45 0.00  
no outliers 0.474 6877.83 0.67  no outliers 0.314 9169.06 0.22  
Em,l boards outlier probability = 0.024  Em,g boards outlier probability = 0.021  
Et,0 outlier probability = 0.000  Et,0 outlier probability = 0.000  
a)  b) 
Figure 4.29: Correlation between Em in Phase 3 and Et,0 for mean/total scale: a) Em,l; 
b) Em,g. 
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4.3.3 Modulus of elasticity with strength 
In Phase 2, as previously mentioned, strong correlations were found with respect to fm and 
MOE in bending, specially for Em,l (r2 = 0.87 and 0.78, respectively Em,l and Em,g). 
However, these correlations must be considered with care due to the small number of fm 
measurements. In fact, in Phase 3, lower coefficients of determination were found with 
Em,g providing, nevertheless, a better correlation (r2 = 0.38 and 0.69,  considering Em,l and 
Em,g, respectively). 
Since segments for fm determination were selected according to the visual grading, 
and therefore dependent of that grading, the correlation to MOE is also influenced. 
Considering that premise, the relation of MOE parallel to grain, E0, with strength, f0, was 
also investigated for the case of Phase 4, as the samples are restricted to clear wood 
samples. Moreover, strength and stiffness parallel to the grain are of interest especially 
when considering that many timber structures, such as timber roof trusses, are mainly 
designed to work under axial stresses in that direction. Correlations between E0 and Em 
have already been presented in a previous topic. 
In the compression parallel to grain tests, low to very low correlations were found 
between Ec,0 and fc,0 in both mean/L-C-R and mean/total scales (r2 = 0.38 and 0.22), 
although it is noted a positive inclination of the tendency line (higher values of stiffness 
leads to higher values of strength) (Figure 4.30). A weak correlation is found between Ec,0 
and fc,0 (r2 = 0.38). The correlation is mainly weakened by a sample group of elements that, 
although with similar values of fc,0 (≈ 30 N/mm2), they present a significant variation of 
Ec,0 within [10000;14000] N/mm2. That group is mainly composed by samples that were 
conditioned in failure by splitting. By removing that sample an increase of the correlation 
is found, with r2 = 0.55. 
  
  
y = m⋅x + b m b r2  y = m⋅x + b m b r2  
all 0.0023 13.85 0.38  all 0.0015 23.46 0.22  
no outliers 0.0018 20.77 0.23  no outliers 0.0017 21.43 0.36  
Ec,0 outlier probability = 0.033  Ec,0 outlier probability = 0.033  
fc,0 outlier probability = 0.050  fc,0 outlier probability = 0.050  
a)  b) 
Figure 4.30: Correlation between Ec,0 and fc,0 in Phase 4: a) mean/L-C-R scale; 
b) mean/total scale. 
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In the tension parallel to grain tests, low to medium correlations were found between 
Et,0 and ft,0 in mean/L-C-R and mean/total scales, respectively (r2 = 0.30 and 0.54) 
(Figure 4.31). The results of tension in mean/total scale present the higher correlation in 
the parallel to grain tests. As seen for the compression parallel to the grain, also a positive 
inclination of the tendency line is noted in this case. Although the variation and dispersion 
of values is higher in the tension parallel to grain tests, rather than in the compression tests, 
no outliers were found, thus the sample for correlation without outliers is equal to the 
sample considering all the measurements. 
 
 
  
y = m⋅x + b m b r2  y = m⋅x + b m b r2  
all 0.0067 -13.65 0.30  all 0.0077 -26.51 0.54  
no outliers 0.0067 -13.65 0.30  no outliers 0.0077 -26.51 0.54  
Et,0 outlier probability = 0.000  Et,0 outlier probability = 0.000  
ft,0 outlier probability = 0.000  ft,0 outlier probability = 0.000  
a)  b) 
Figure 4.31: Correlation between Et,0 and ft,0 in Phase 4: a) mean/L-C-R scale; 
b) mean/total scale. 
 
4.4 Probability distributions and parameter estimation 
The layout of probabilistic models is often based on empirical data mostly combined with 
physical considerations, experience and good judgment. Constructing a probabilistic model 
in general requires the following steps (Köhler, 2007): i) assessment and statistical 
quantification (and qualification) of available data; ii) selection of a distribution function; 
iii) estimation of distribution parameters; iv) model verification; v) model updating. 
The first step of the probabilistic model construction was considered previously in 
this chapter. Hereafter, attention will be given to the second and third steps. 
 
4.4.1 Random variables and probability distributions 
A sample value for a basic variable with a given (non-uniform) distribution is called a 
random variable. In statistics, the totality of possible observations or tests under the same 
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conditions is called a population and each individual test or each individual observation is 
an element of this population. This element can be investigated with respect to different 
properties which can be treated as a random quantity or a random variable. In engineering 
statistical investigations, often is only possible to consider a random subset of the elements 
of the population. This subset is called random sample and the number n of the elements 
contained in it is called the size of the sample. 
In this work, the timber beams are a population. Each arbitrarily segment selected 
from a timber beam is an element of this population. Observations are necessarily limited 
to a number of segments tested in bending. The observed property is the modulus of 
elasticity of a given segment. The scale of all values is denoted by the random variable, 
which in this case is a quantity (modulus of elasticity in bending).  
The selection of the design value of a random variable considering its uncertainty, is 
an important engineering task. In summary, the uncertainty in a random variable can be 
modelled by its underlying distribution, generally expressed in terms of PDF (probability 
density function) and CDF (cumulative density function) for continuous functions. To 
uniquely define the PDF, its parameters need to be estimated. Generally, the parameters are 
estimated using the information on mean, variance, and COV obtained from available data. 
For information about different probability distributions, for common engineering 
problems, see Annex C. 
 
4.4.2 Fitting the data to probability distributions 
A classic procedure to assess if a given random variable may be well defined by a certain 
probability distribution is the use of probability papers. Having selected a probability 
distribution family, the probability paper is an extremely useful tool for the purpose of 
checking the plausibility of the selected family (Faber, 2012). 
From probability papers, it is possible to assess the parameters of the inherent 
distribution with respect to the configuration of a given straight line (location and slope). 
However, a more efficient and accurate method is the Maximum Likelihood Method, 
which principle is based in finding the set of parameters of an assumed probability 
distribution function which most likely characterizes the underlying data sample. 
The results of Phases 2 and 3, regarding bending MOE in sawn beams and boards, 
were fitted to different probability distributions using the Maximum Likelihood method. 
Description of the method and the resulting estimates are presented in Annex D. 
Attending to the different visual classes, the results of MOE in boards were divided 
into four classes and each sample was fitted to the different probability distributions by 
probability papers. A qualitative analysis of the fitting is given in Table 4.6 and Table 4.7, 
respectively for Em,l and Em,g. 
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Table 4.6: Qualitative analysis of the fitting to different probability distributions of Em,l 
of sawn boards regarding its visual class. 
Em,l (sawn boards) 
Visual class 
Distribution (*) 
Normal Lognormal Gumbel Weibull 
I + +/- - + 
II - +/- + + 
III + +/- - + 
NC +/- + +/- + 
(*) qualitative description of fitting: + high; +/- moderate; - low. 
Table 4.7: Qualitative analysis of the fitting to different probability distributions of Em,g 
of sawn boards regarding its visual class. 
Em,g (sawn boards) 
Visual class 
Distribution (*) 
Normal Lognormal Gumbel Weibull 
I - +/- +/- +/- 
II +/- +/- +/- + 
III +/- +/- + + 
NC +/- + - + 
(*) qualitative description of fitting: + high; +/- moderate; - low. 
For the MOE data, regarding sawn boards divided according to its visual class, the 
maximum likelihood estimates are given in Table 4.8. In all distributions, the estimated 
distribution mean decreased from higher visual classes to lower visual classes as also 
described by the statistical moments of the experimental data. 
Table 4.8: Maximum likelihood estimates for Em,l and Em,g of sawn boards, divided by 
visual classes. 
Property Visual grading 
Normal Lognormal Gumbel Weibull 
PAR1 PAR2 PAR1 PAR2 PAR1 PAR2 PAR1 PAR2 
Em,l 
I 14026 3556 9.515 0.268 15890 4746 15371 3.955 
II 12603 3215 9.400 0.312 14122 2733 13791 4.664 
III 10718 3685 9.207 0.410 12568 3693 11961 3.199 
NC 8619 3438 8.974 0.437 10396 3611 9708 2.712 
Em,g 
I 12580 2211 9.419 0.226 13605 1916 13443 6.794 
II 11246 2099 9.307 0.217 12219 1759 12069 6.556 
III 10032 2438 9.176 0.294 11182 2014 10949 4.953 
NC 8213 2469 8.948 0.422 9433 2316 9065 3.647 
Normal (PAR1, PAR2) = (mean, standard deviation) 
Lognormal (PAR1, PAR2) = (normal mean, normal standard deviation) 
Gumbel (PAR1, PAR2) = (location parameter, scale parameter) 
Weibull (PAR1, PAR2) = (scale parameter, shape parameter) 
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4.4.3 Goodness-of-fit significance tests 
The knowledge of the nature of observed shapes of data may be combined with hypothesis 
tests, in such manner that one can discuss the hypothesis if a given data sample may be 
interpreted by a selected probability function. In the beginning of the 20th century, Karl 
Pearson established the principles to what is now one of the most popular significance 
hypothesis test for this purpose, the χ2 goodness-of-fit test (Placket, 1983). Although the 
interpretation of Pearson's first test procedure may be less than straightforward at first, the 
basic principle is to test if certain data sample came from a population with a specific 
distribution. For that purpose the χ2 test is defined by the null hypothesis (H0) if the data is 
a random sample from the specified distribution and by the alternative (H1) if the random 
sample does not follow the specified distribution. 
The χ2 goodness-of-fit tests were considered for the MOE of sawn boards with 
respect to different probabilistic functions with parameters obtained by both method of 
moments (MM), through the statistical estimation of the sample parameters, and maximum 
likelihood estimates (MLE). Description of the method and results are presented in Annex 
E. 
For Em,l of sawn boards, a Normal distribution was found to be the best fit for the 
data. Although still not accepted for a 2.5% significance level, the Weibull distribution 
with respect to the maximum likelihood estimates produced a better fit than the Lognormal 
or Gumbel distributions. For Em,g, the extreme distributions, both Gumbel and Weibull 
distributions, (with MLE distribution parameters) are accepted as good fits for the 
experimental data for a 2.5% significance level. 
The χ2 goodness-of-fit tests for the MOE of sawn boards in each separate visual 
class, with respect to different probabilistic functions with parameters obtained by method 
of moments and maximum likelihood estimates were also calculated and the results are 
presented in Annex E. 
 
4.5 Final remarks 
This chapter presents the analysis of variation and dispersion of mechanical properties of 
chestnut timber elements in different experimental phases and scales. The main objective is 
to provide an adequate framework for correlation between mechanical properties and 
further assessment of existing timber elements by information given by visual inspection, 
non-destructive testing and mechanical tests made to full size members and to small clear 
wood samples. Particular attention was given to the modulus of elasticity in bending since 
it is well known its correlation with other representative properties of timber. 
For variation analysis, the coefficients of variation in each type of test were analysed 
regarding different scales assumed by the phases of the experimental campaign and by the 
size of the sample. An analysis regarding the dispersion and existence of outliers was 
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considered. Finally, the coefficients of determination between different mechanical 
properties and scales were established. 
With respect to the different experimental phases, it was found that the coefficient of 
variation tends to decrease when smaller scales are considered. The measurements taken in 
bending tests for sawn boards also revealed that the stiffness properties vary both in height 
and length of each beam in different proportions. The mean coefficient of variation of 
measurements made to different levels in height of a beam was equal to 20.1% and 15.7%, 
respectively Em,l and Em,g, whereas the mean COV of measurements made along the length 
was slightly higher being equal to 25.8% and 17.9%, respectively Em,l and Em,g. Although 
similar, the coefficient of variation of MOE in compression parallel to grain was found to 
be higher than the MOE in tension parallel to grain. However, the opposite was verified for 
the compression parallel to grain strength that evidenced lower coefficient of variation than 
the tension parallel to grain strength. 
Outliers were also defined for each sample considering the dispersion of extreme 
values. However it was found that, in this case, the elimination of outliers only produced a 
significant increase of correlation in a minor percentage of cases. Therefore, concluding 
that the extreme values were mainly due to heavy-tailed distributions of values rather than 
to measurement errors. 
The mechanical properties of timber were correlated and high correlations were 
found between Em,l and Em,g assessed in different experimental phases, respectively of 
r
2
 = 0.82 and 0.89 for sawn beams and boards. The correlation between experimental 
phases presented a r2 = 0.68 and 0.71, respectively for Em,l and Em,g, where also considering 
only the bottom board measurements moderate high correlations were found (r2 = 0.69; 
r
2
 = 0.67), thus the bottom boards may be considered representative of the global element 
in terms of Em. 
When analysing the structural element globally, the mean of all ultrasound 
propagation velocity measurements done to the same beam, either sawn beam or group of 
sawn boards, were compared and a r2 = 0.68 was determined. After the analysis between 
results of ultrasound propagation velocity in different experimental phases, the results were 
compared to the stiffness results attained in the 4-point bending tests. In Phase 2, the 
ultrasound tests made within the l1 region were averaged and compared to the Em,l while 
the average of all measurements was compared to Em,g. Medium correlations were found 
(r2 = 0.52 and 0.61), and in both cases the consideration of the different visual classes, led 
to higher correlations with exception of class NC where a very low (inexistent) correlation 
was obtained, due to the large variation in the sample. In Phase 3, high correlations were 
found when assuming the average of the results by each beam (r2 = 0.83 and 0.89). The 
propagation velocity was also correlated with MOE parallel to grain in compression and 
tension with respect to the averaged value within a single beam. The results evidenced a 
low correlation for Ec,0, but moderate high for Et,0 (r2 = 0.44 and 0.71). 
Pin penetration and drilling resistance tests made to the segments of sawn boards led 
to very low correlations (< 0.07). Although still low, correlations were found stronger 
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when assuming the mean values per board and when the tests were made perpendicularly 
to the lateral face. 
The stiffness values in different load solicitation scenarios and experimental phases 
were also correlated. For Em and Ec,0 a r2 between 0.21 to 0.43 was found, whereas for Em 
and Et,0 better correlations were found with a r2 between 0.39 to 0.67. With respect to the 
correlation between stiffness and strength, low to very low correlations were found 
between Ec,0 and fc,0 in both mean/L-C-R and mean/total scales (r2 = 0.38 and 0.22), 
whereas low to medium correlations were found between Et,0 and ft,0 for the same scales 
(r2 = 0.30 and 0.54). 
Considering the fitting of data to probability distributions, in the case of the sawn 
beams, Em,g is better defined in the lower tail by a Lognormal distribution, whereas for the 
upper tail a 2-p Weibull distribution tends to evidence a better approximation. The tails of 
Em,l distribution are better defined by a 2-p Weibull distribution for the lower tail and a 
Lognormal distribution for the upper tail, whereas a Gumbel distribution presents better 
approximation for the range of frequencies between 15% up to 50%. Although for different 
tails of the distributions, it is found that for sawn beams, Lognormal and 2-p Weibull 
distributions present better approximations to the analysed experimental results. With 
respect to the sawn boards, Em,g is rather well defined by a Gumbel distribution even for 
the lower tail, where also it is approximated to the Weibull distribution. Whereas, the tails 
of Em,l distribution are better defined by a Normal or a Weibull distribution while from 
15% to 85% in frequency the experimental CDF is limited by the extreme distribution CDF 
(Weibull and Gumbel). 
The division of bending MOE results in subsamples attending to different visual 
classes was considered, and it was found that Normal, Lognormal and Weibull 
distributions could be used for the representation of these results in different classes. 
However, regarding the nature of the measured parameter and simplicity of use, 
Lognormal distributions are considered a better choice. 
The analysis of the probability papers together with the χ2 goodness-of-fit 
significance test results produced similar conclusions about the suitability and fitting of the 
experimental data to the assumed probability distributions. Nevertheless, it was found that 
the experimental data may be better defined by the junction of different distributions 
aiming to more accurately attain information about the tails of the distribution. Therefore, 
the maximum likelihood estimates may be improved by performing a censored estimate 
with respect to the lower tails. 
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Chapter 5 
Prediction of global bending stiffness by 
visual grading and random sampling of local 
bending stiffness 
 
 
ABSTRACT: In the assessment of timber elements from existing structures, usually, 
only limited inspection of members (visual stress-grading) and mechanical characterization 
of small size specimens are possible (SDT), either due to onsite constraints or time and 
cost reasons. The present chapter, therefore, proposes and describes a consistent and 
feasible procedure for MOE prediction of chestnut timber elements by using localized 
MOE results obtained from smaller size samples, complemented with visual grading. 
The predicting models take into account the visual strength classes and the influence 
of defects in the determination of the MOE. Moreover, random sampling selection is 
considered in order to demonstrate the possibility of using smaller representative samples, 
thus avoiding excessive need of removal of onsite samples and allowing for a lower 
number of mechanical tests. For this purpose, the database provided by the experimental 
campaign, described in chapter 3, will be considered. The local data obtained in the smaller 
size specimens is used to predict the global MOE of the full structural size members and is 
compared to the results of the experimental campaign. 
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5.1 Combining visual grading with bending properties 
Bending is the most common loading type in the structural use of sawn timber and, 
consequently, bending strength is usually the critical strength property 
(Piazza and Riggio, 2008). Nevertheless, it is not feasible to assess directly the bending 
strength of a timber member, as this would only be possible by the destruction of the 
member itself. Therefore, bending strength is often assessed indirectly from other reference 
properties, such as the bending modulus of elasticity (MOE) in machine stress-grading. 
Nocetti et al. (2010) found that the best predictor of strength properties of chestnut 
timber elements was the bending MOE, followed by a knot parameter. While in Cavalli 
and Togni (2011), the knot incidence (minimum knot diameter to depth/width ratio) and 
slope of grain, were considered as the most important influencing parameters and those 
that lead to more significant MOE reduction. Also in Piazza and Riggio (2008) it is stated 
that knots are by far the most important defects in the reduction of visual grading, being 
quite significant in the case of thick elements, like beams. The reduction in strength and 
stiffness is most likely caused by the combination of local grain deviation and reduction of 
the clear wood area in the cross section, even if the first factor is the most significant 
(Kollmann and Côte, 1984). 
García et al. (2007) obtained coefficients of determination, r2, for pine species up to 
0.71 for predictive models of global MOE, including visual grading parameters, density 
and non-destructive variables (longitudinal wave transmission velocity) as independent 
variables. In Nocetti et al. (2010), lower linear regression correlations were found for 
hardwoods, compared to softwoods. In the case of chestnut timber, a r2 of 0.54 was found 
between the MOE obtained in the laboratory and by machine stress-grading. 
Lee et al. (2005) established a prediction model for bending properties of glued 
laminated timber using knot parameters and MOE distributions of lumber laminate as main 
input variables, obtaining strong correlations between predicted and measured MOE 
values. Lee and Kim (2000) also found better results in predicting glued laminated timber 
MOE with the use of localized MOE of lamella, when compared to the long span MOE of 
lamella. The relationship between local and global modulus of elasticity in bending has 
been investigated in several previous studies (Boström, 1999; Denzler et al., 2008; 
Ravenshorst and Kuilen, 2009; Ridley-Ellis et al., 2009), together with its consequences in 
structural timber grading (Nocetti et al., 2013). 
For the estimation of the mechanical properties of existing structural timber 
elements, it is common practice to attend to results of mechanical tests made to small clear 
wood specimens extracted from the element. However, this mechanical characterization 
often provides higher results compared to the mechanical behaviour of the structural 
element, as it is affected by the influence of defects. As mentioned by Kasal and Anthony 
(2004), the timber member mechanical properties will always be lower than those of small 
clear specimens because of the inevitable presence of defects in structural size pieces. 
When the specimen size increases also the stressed volume increases and for brittle 
materials or systems organized in series, a higher probability that a weak link occurs in the 
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volume exists (Weibull, 1939). On the other hand, visual inspection often leads to 
conservative estimates of the element's mechanical behaviour. Therefore, these two 
approaches provide an upper and lower bound for the mechanical characterization of 
existing timber elements. 
The results from Wang et al. (2008b) indicated that the visual grades could identify 
different strength classes for timber samples, with higher visual grading corresponding to 
higher MOE in bending. However, Vega et al. (2012) concluded that, for chestnut timber 
elements, visual grading parameters of the elements did not play a significant role in the 
prediction of MOE. This is corroborated by Piazza and Riggio (2008), which pointed out 
that the adopted visual grading methods and NDT tests for chestnut elements showed 
lower correlations than other two tested softwood species, namely spruce (Picea abies 
Krast.) and larch (Larix decidua Mill.) from north of Italy. 
 
5.2 Experimental data analysis 
As previously presented, the results of the experimental campaign to the chestnut timber 
elements evidenced the relationship between the Em,g, and Em,l within and between phases 
(different sizes). Strong correlations (r2 between 0.82 and 0.89) were found within the 
same phase, whereas less strong correlations (r2 between 0.68 and 0.71) were found 
between different phases. Although the strong correlations, a significant difference 
between results from different scales is still visible, and especially noticeable, for Em,l 
where the gauge length increase between scales induces higher differences. A slight better 
comparison is found when considering only the segments of boards included in the gauge 
length of the sawn beams (l1), however still with significant difference between scales. 
Figure 5.1 provides the comparison of the cumulative distribution functions (CDF) for the 
different results of bending MOE in Phase 2 (sawn beams) and Phase 3 (sawn boards). The 
results were modelled by lognormal distributions regarding the probabilistic fitting 
considered previously. The found differences may be explained by the size effect in the 
mechanical properties of timber due to the probability of presence and influence of defects 
in different scales. 
  
a) b) 
Figure 5.1: Correlation between bending tests in Phase 2 and 3: a) cumulative 
distribution functions for Em,l; b) cumulative distribution functions for Em,g. 
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Even at the same scale, the reduction of bending MOE is significant as proved by an 
ANOVA regarding the values of MOE for the segments of boards divided by visual 
grading. In this case, it is expectable that elements with higher percentage of segments with 
defects (lower visual grading) have lower values of bending MOE, whereas elements with 
higher percentages of clear wood segments (higher visual grading) will have higher values 
of bending MOE. To confirm this premise, the results of the visual grading made to the 
sawn boards were analysed and the percentage of segments of class I and class NC for each 
set of three boards were compared to the bending MOE (both local and global) of the sawn 
beams (Figure 5.2). Weak correlations with bending MOE of beams are found with the 
percentage of class I segments, although slightly increasing when considering the 
percentage of class NC segments. This evidences a higher importance in the consideration 
of segments with defects in the analysis, rather than the percentage of clear wood, even at a 
linear elastic range. However, Piazza and Riggio (2008) mention that clear wood has a 
stronger effect on stiffness than local weak spots, although stiffness is to a greater extent 
determined by average properties along the member. Therefore, in the case of the present 
study, it should be noted that the location of segments within the elements is an important 
factor, which was not considered in this initial analysis. 
  
a) b) 
 
  
c) d) 
Figure 5.2: Correlation between bending MOE with percentage of segments in different 
visual grading: a) Em,l with class I segments; b) Em,l with class NC segments; 
c) Em,g with class I segments; d) Em,g with class NC segments.  
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Nevertheless, it is visible that there is an increase for bending MOE for beams with 
higher percentage of class I segments, as well as, that a decrease for bending MOE for 
beams is related with higher percentage of class NC segments. The influence of defects in 
the analysis will be further discussed in topic 5.3. 
At this point, is clear that a strong correlation between MOE in different phases 
(scales: sawn beams and boards) is present, and that the consideration of visual grading 
could provide a better approximation and definition of the mechanical properties. This is 
an important consideration for the assessment of the mechanical properties of timber 
members onsite, since often only visual grading of the elements is possible with the 
combination of NDT or removal of small specimens for testing. In this pursuit, hereafter, 
the results in the experimental campaign from local measurements (board's segment scale) 
will be used to determine the possibility of prediction of the global mechanical properties 
(beam scale). To that aim Em,l of sawn boards' segments are combined with visual grading 
to determine the Em,g of sawn beams. 
The results of Em,g of beams and the Em,l of boards' segments were fitted to 
lognormal probability distribution functions considering the prior use of probability papers 
and χ2 goodness of fit tests (with 2.5% significance level). The frequency of the associated 
probability distributions for these results is presented in Figure 5.3. The results of Em,l of 
boards' segments are differentiated by visual classes, evidencing a higher variation for 
lower grade classes, as well as a lower mean value. 
 
Figure 5.3: Frequency distribution and statistical parameters for Em,g of beams and Em,l of 
boards' segments differentiated by visual inspection classes. 
Prior to consider any model regarding the prediction of the global properties of the 
sawn beams, a benchmark r2 was defined attending to the values of the local measurements 
within each beam. This benchmark r2 was obtained by means of multiple regression 
regarding the influence of each set of boards (top, lower and bottom) for the Em,g of the 
structural size sawn beam. This benchmark r2 corresponds to the best possible correlation 
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regarding the optimization between the results found in the two different phases of bending 
tests.  
When performing a multiple regression, the predicted value, ypredicted, is given by the 
sum of the weighted contribution, Ci, of the independent variables, xi, and a constant, c, as: 
∑
=
+⋅=+⋅++⋅+⋅=
n
i
iinn cxCcxCxCxCy
1
2211
predicted
...  (5.1) 
In this case, the results of each board are assumed as independent variables and the 
beam's experimental result as a dependent variable, resulting in the relation given in 
Equation 5.2 for the predicted value of Em,g, where Ctop = 0.224, Cmiddle = 0.193, 
Cbottom = 0.661 and c = -1820 N/mm2. These parameters indicate a larger contribution of 
the values of the lower boards for the prediction Em,g. 
cECECECE +⋅+⋅+⋅= bottomlm,bottom
middle
lm,middle
top
lm,top
predicted
gm,  (5.2) 
With this relation, the best linear fit with the experimental results (r2 = 0.84) is 
attained, with the lowest residual between predicted and experimental (Figure 5.4). Here, 
B_Em,g indicates the MOE results of sawn beams in mechanical tests in Phase 2. The 
analysis of the correlation between each board and the corresponding beam leads to the 
conclusion that the lower board has a better linear fit to the experimental results with 
r
2
 = 0.74, whereas the middle and top boards present lower correlations with, respectively, 
r
2
 = 0.59 and 0.40. 
 
)N/mm(1820661.0193.0224.0 2bottomlm,middlelm,toplm,predictedgm, −⋅+⋅+⋅= EEEE  
Figure 5.4: Correlation between experimental Em,g of beams with the predicted value 
taken from a multiple regression of sawn boards' Em,l. 
The larger contribution of the bottom board is mostly because that board was 
originally in the tension region of the structural beam (Figure 5.5), and timber is more 
sensible to tension effects, mainly due to the presence of defects. This is also evident in the 
timber beams that were taken to failure in bending, where the failure mechanism began 
always in the tensioned region of the beams. 
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Figure 5.5: Location of the sawn boards in a moment induced stress diagram in a sawn 
beam section. 
Generally, as mentioned by Biblis et al. (2004), any type and size of knot located in 
the lower part of the lumber can have a greater reducing effect on the mechanical 
properties since it interferes with the highest tensile stress. 
 
5.3 Influence of defects in mechanical characterization 
In order to verify the influence of visual inspected defects, and if the assumed visual 
inspection classes could distinguish segments with different stiffness values, the results of 
Em,l of the bottom sawn board were analysed. 
In a first analysis, the mean values of Em,l of the bottom board segments visually 
graded as class I were compared to the B_Em,g for each beam. This analysis led to a 
moderate correlation (r2 = 0.66), however, stiffness values higher than B_Em,g were 
predicted for each beam, since only clear wood samples (or with minor defects) were 
considered (Figure 5.6). Therefore, it is necessary to consider the influence of lower visual 
class segments and quantify the decrease in the mechanical properties for those classes. 
 
Figure 5.6: Correlation between experimental Em,g of structural beams (B_Em,g) and mean 
Em,l of the segments in the bottom sawn boards graded as class I. 
So as to include the influence of lower visual class segments, in a second analysis, 
the segments of each lower board were divided according to their visual inspection and the 
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Em,l of each group was statistically analys
downgrade from class I to the remaining classes, was calculated. According to the obtained 
reduction factors and accounting for the number of segments in a given visual class, a 
weighted MOE can be calculated for each beam, as:
( IIIII
weighted
EnEn
E
−⋅+⋅
=
α
where Eweighted is the weighted 
segments, αclass is the reduction factor of a given visual class (I, II, III or NC) and 
mean value of the Em,l for segments classified as class I.
In the case of indicative values given in UNI 11119 (UNI, 2004) for allowable stress 
values, the difference on the MOE between strength classes corresponds to a reduction of 
the value given for class I of 10% or 20%, respectively, when downgrading to class II or 
III, and no value is given when not classifiable (NC). In the present study, a mean 
reduction in Em,l of the class I sample of 6%, 21% and 27% was found, respecti
downgrading to class II, III or NC.
According to the obtained reduction factors and accounting for the number of 
segments in a given visual class, a weighted MOE was calculated for each beam, as given 
in Equation 5.3. The results are 
comparison with the results from the analysis with only class I values, a stronger 
correlation is obtained (r2 = 0.82), evidencing the improvement in the model when 
considering information from a visual inspection grading. However, the 
still overestimate the B_Em,g results.
Figure 5.7: Correlation between experimental 
weighted Em,l by visual inspection grading of the segments in the bottom 
sawn boards. 
These results permit to conclude that it is possible to predict the global 
an existing timber element with data from smaller clear wood specimens when 
complemented with a visual class grading made to critical sections and segments of the 
entire element. 
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5.4 Prediction models 
With consideration to the experimental data analysis, it is plausible to assume that one may 
predict, within a confidence interval, the Em,g value of structural size timber elements by 
considering the Em,l of smaller size samples and the visually inspected distribution of 
defects along the length and height of the element. 
To validate this hypothesis, structural models are proposed where the computation of 
MOE results in sawn boards was considered and compared with the measurements of 
structural size beams under bending tests. The information of visual inspection is also 
taken into account for model calibration and improvement. 
After defining the benchmark r2 and verifying the importance of considering 
segments with defects in the global behaviour of a timber member, two different models 
are proposed regarding the computation of measurements of boards' MOE. These 
measurements are inputted on the models either by modelling the sawn boards as separate 
elements or by modelling a reconstructed full sawn beam (see Figure 5.8). 
For both models, the elements were defined by the combination of the results of Em,l 
in the sawn boards bending tests. To each segment of a board the Em,l corresponding to the 
nearest bending test result made to the sawn boards is attributed and, after, each segment is 
modelled as a beam element. Displacements of each node were obtained by use of the 
direct stiffness method, with the calculation of the Em,g of beams being based on the EN 
408 (CEN, 2010a) formulation. 
Models  Experimental results 
 
Model 1 (M1): separate boards 
 
 
 
 
 
  VS 
 
 
 
 
 
Data: Em,l per segment and per board 
Results: Em,g per board ⇒ Em,g_mean 
 
 
 
Model 2 (M2): reconstructed beam 
 
 
 
Data: mean Em,l per segment 
Results: Em,g per beam 
Data: Em,g in mechanical tests 
Results: Em,g per beam 
Figure 5.8: Models used for assembling the Em,l of sawn boards segments for comparison 
with Em,g in the beams' bending tests. 
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The first model (Model 1 
sawn board and then, as result, the MOE would be calculated for the total span length 
between supports. Although modelling
equal to the span of a full size beam. The average of the three results for each group of 
sawn boards that previously composed a beam was taken and compared to the bending 
tests results obtained from the beams. Therefore, for each beam, three boards were 
modelled and a mean result was calculated. 
The second model (Model 2 
made to the same segment of each set of boards (
(middle) and A3 (bottom) for segments 1 (from 10
per segment. This mean MOE is afterwards considered for the 
section size reconstructed beam and then the results are compared to the beams
tests results. 
For notation purposes, M1
elasticity (Em,g) predicted respectively from Model 1 and Model 2.
The results of the models are compared to the B_
correlations are found (r2 = 0.76
modelling, it is found that the predicted values are in general higher than the experimental 
values (non-conservative approach). Still, one may conclude that the combination of the 
different properties of the singular segments may satisfactori
global element. This seems also a reasonable assumption because the tests were conducted 
in linear elastic regime. 
A similar conclusion is found in Aicher 
state that the measured local MOE and the experimental global MOE are consistent, since 
the global MOE may be predicted by beam theory or FEM analysis on the basis of the 
local MOE of segments. It is worthwhile mentioning that in this study, the measurements 
taken from smaller size specimens were able to adequately predict the higher scale 
element, despite the fact that both
a) 
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Besides the comparison to the benchmark 
interest to compare the results of the same procedure but considering the 
boards as an input datum
slight better correlation is obtained for both models (Figure
between predicted and experimental values is obtained. Nevertheless, the use of 
a good choice taking into account the intention of preferably
within the element. 
Figure 5.10: Correlation between experimental 
with use of boards' 
5.5 Random sampling selection
When assessing the safety of an existing timber structure, it is not possible to obtain the 
different Em,l along the timber 
presented in the previous chapters. Moreover, it is important to minimize the destructive 
component of the mechanical characterization related to the extraction of specimens from 
the timber members. Ther
sample of the different segments in each visual inspection class would permit to obtain a 
reliable assessment of the global element.
For that purpose, after each segment being visually classified, one segment 
representative of each visual class is chosen rando
other segments with the same visual class. Then, the models will consider such information 
as input data and compute the 
segments is repeated until a signifi
correlated to the experimental campaign results. The applied methodo
Figure 5.11. 
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Figure 5.11: Implemented procedure for obtaining sets of random variable samples of 
segments in different visual classes for 
The variation in the results of each beam regarding the randomly generated sample is 
determined with mean COV of 16.0% and 15.8% for M1 and M2, respectively. The resu
are presented in Figure 5.12 where, considering the previous benchmark correlation, again 
strong correlations were found (r
a)  
Figure 5.12: Correlation between experimental 
of Em,l in segments according to the visual inspection: a)
In addition, an analysis is considered by selecting only a sample of class I and then 
assuming the remaining classes as a reduction of that value. Thus, only the information of 
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clear wood samples and the reduction factors according to the visual inspection
considered to attribute each value to the different segments in the model. As mentioned
before, a mean reduction in 
for downgrading to class
analogous to the methodology presented in Figure 5.
values of segments in class I, the MOE are calculated by models M1 and M2.
The results are presented in Figure 5.13
regarding the randomly generated sample is also determined with mean COV of 15.2% and 
15.4% for M1 and M2, respectively. The correlations between experimental results and the 
ones obtained by random selection of segments with a given v
correlations with r2 between 0.76 and 0.79, with better results in M1 considering only a 
random selected value of class I and the reduction factors.
Figure 5.13: Correlation between experimental 
of Em,l in segments with visual class I and reduction factors for the other 
classes: a) M1; b)
Although strong correlations were found in the prediction of B_
Em,l and visual inspection information
to evaluate if the error involved in this prediction is admissible regarding the inherent 
uncertainty in the assessment of timber structures. For that purpose, the percentage error 
was calculated by comparing the predicted value with the experimental quantity. In this 
case, the percentage error is the absolute value of the difference divided by the 
experimental value times 100.
Table 5.1 indicates the calculated percentage error and 
different test phases and for the different models. It evidences that the percentage error of 
the prediction models have a similar range to those obtained from the experimental 
campaign between different phases and do not exceed 
The exception is the model that only considered the class I samples as representative visual 
class, with a percentage error of 23.4%, further demonstrating that the influence of lower 
visual grade segments must be consid
Comparison to the indicative values given by UNI 11119 (UNI, 2004) is also 
considered accounting to the visual grading of the sawn beams. As no indicative value is 
suggested for the non classifiable (NC) segments, the initial calculation of the perce
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error was made for sawn beams classified only as I, II or III classes, obtaining a mean 
percentage error of 32.7%. As comparison, in Piazza and Riggio (2008), an absolute value 
of 28% was found for the error of the visual grading by UNI 11119 (UNI, 2004) in 
predicting stiffness of elements in structural size. In order to account the stiffness values of 
sawn beams graded as NC, the reduction factor found in the experimental results for 
downgrading from class I to class NC (27%) was considered and the percentage error was 
recalculated. By consideration of the sawn beams with class NC, a lower mean percentage 
error was obtained (29.7%). 
Table 5.1: Percentage error, % error, and coefficient of determination, r2, for the results 
of MOE in different test phases and for the diverse prediction models 
considered. 
 
x y 
x/y % error =|1-x/y|⋅100 [%] 
r
2
 
 min max mean min max mean 
* 
B_Em,l B_Em,g 0.63 1.19 0.99 0.03 36.6 9.36 0.82 
b_Em,l b_Em,g 1.00 1.24 1.10 0.48 24.3 10.4 0.89 
B_Em,l b_Em,l 0.49 1.06 0.87 1.29 51.3 14.2 0.68 
b_Em,g B_Em,g 0.84 1.46 1.07 1.72 46.2 12.6 0.71 
VI classes I, II, III B_Em,g 0.56 0.94 0.67 6.28 43.8 32.7 0.39 
VI all classes B_Em,g 0.56 1.09 0.71 4.49 44.3 29.7 0.40 
** 
B_Em,gmult.regr. B_Em,g 0.86 1.19 1.01 0.03 18.9 7.32 0.84 
M1_Em,g B_Em,g 0.86 1.31 1.09 0.02 31.2 11.3 0.78 
M2_Em,g B_Em,g 0.94 1.37 1.11 0.37 37.5 12.9 0.76 
Em,gclass I B_Em,g 0.98 1.58 1.23 2.19 58.0 23.4 0.66 
Em,gclass I + α B_Em,g 1.03 1.52 1.17 2.94 51.9 16.5 0.82 
*** 
M1_Em,gall classes B_Em,g 0.87 1.37 1.11 0.44 36.8 14.7 0.70 
M2_Em,gclass I B_Em,g 0.93 1.42 1.14 0.89 42.3 15.4 0.75 
M1_Em,gclass I + α B_Em,g 0.97 1.58 1.16 1.71 58.1 17.0 0.79 
M2_Em,gclass I + α B_Em,g 0.97 1.58 1.18 1.65 57.5 18.2 0.76 
B = sawn beams; b = sawn boards; VI = visual inspection; M1 = model 1; M2 = model 2 
*
 Experimental results in Phases 2 and 3; 
**
 Models for analysis of defect influence; 
***
 Models using random sampling selection 
By comparison to the experimental results, a mean underestimation of 29% is 
obtained when the UNI 11119 (UNI, 2004) indicative values are considered, while a 
maximum mean overestimation of 18% is obtained when models using random sampling 
were considered. 
Table 5.1 also evidences that stronger correlations were obtained for the prediction of 
Em,g of sawn beams by Em,l of sawn boards when information of visual inspection classes 
was added. 
Prediction of global bending stiffness by visual  
grading and random sampling of local bending stiffness 141 
 
 
5.6 Final remarks 
This chapter addresses the correlation between different size scale experimental phases 
with the intention of obtaining a suitable source of information for predicting the global 
modulus of elasticity of structural size elements. Attention is given to the modulus of 
elasticity in bending regarding its correlation with other representative properties of timber. 
Different models for assembling the distribution of local moduli of elasticity, Em,l, are 
combined with visual strength grading for use in predicting the global modulus of 
elasticity, Em,g, of structural beams. 
For Em,g, prediction, two different models were developed with correlation to the 
experimental values of r2 between 0.76 to 0.78, and a multiple regression analysis 
indicated a larger contribution of the segments in tension for the determination of the Em,g 
of beams. Combination of the values for segments classified as class I (samples without 
significant macro defects) and of the percentage of the other classes in a given element led 
to higher correlations between predicted and experimental values when compared with the 
model that disregarded the influence of defects (r2 increased from 0.66 to 0.82). 
The main contribution of this work, evidenced by random sampling selection, is the 
demonstration that it is feasible to predict the behaviour of a full size scale element by 
definition of the mechanical properties of selected segments with visual inspection 
information with strong correlations (r2 ranging between 0.70 to 0.79), thus minimizing the 
destructive component of the mechanical characterization related to the extraction of 
specimens from the timber members. 
The mean percentage error found for all models are lower than 20%, with exception 
of the model that considered only the mean value of segments with class I. In random 
sampling selection, although higher correlations are found for the models that consider 
only a sample of class I and reduction factors between visual inspection classes, also 
higher mean percentage errors are found, compared with the models that assume random 
sampling for all classes.  
 
  
142 Chapter 5 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  This page intentionally left blank 
143 
 
 
 
 
 
 
 
Chapter 6 
Updating of mechanical properties by 
Bayesian methods 
 
 
 
ABSTRACT: This chapter addresses the possibilities of using NDT data for updating 
information and obtaining adequate characterization of the reliability level of existing 
timber structures and, also, for assessing the evolution in time of performance of these 
structures when exposed to deterioration. By improving the knowledge upon the 
mechanical properties of timber, better and more substantiated decisions after a reliability 
safety assessment are aimed at. 
Bayesian methods are used to update the mechanical properties of timber and 
reliability assessment is performed using First Order Reliability Methods (FORM). 
The updating data resulted from a literature database of NDT results and correlations 
obtained with ultrasound, resistance drilling and pin penetration equipments. The tests 
were conducted on chestnut wood (Castanea sativa Mill.) specimens, and were combined 
with tests to determine the compressive strength parallel to the grain. The uncertainty of 
the different NDT results is modelled by Maximum Likelihood estimates. Resistance 
distributions functions are considered to analyse the difference before and after updating 
by NDT. The proposed approach is then used for reliability assessment of different 
examples of structural timber elements and systems. 
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6.1 Updating mechanical properties 
The accuracy on estimation of the mechanical properties of timber may be improved by 
carrying out a cross-validation of the information gathered by use of different NDT and 
SDT (Drdáký et al., 2005; Hanhijärvi et al., 2005), and also its correlation with destructive 
tests (Calderoni et al., 2010). 
In addition to the difficulties in assessing existing timber elements, high variability in 
the mechanical and physical properties of wood occur due to the influence of natural 
growth defects, such as knots and fiber misalignment. This variability combined with the 
uncertainty of NDT results makes structural assessment based on full probabilistic methods 
(reliability methods) desirable. Probabilistic models for timber have been proposed by 
several authors (Faber et al., 2004; Köhler et al., 2007) and are implicitly defined in 
various codes and guidelines. The resistance models found on those codes may be 
considered as initial information when new and more complete data are available, as 
instance from mechanical tests results. In that case, it is stated that is possible to update the 
mechanical properties of timber (CEN, 2002; JCSS, 2006). 
In an existing building, estimates from the design models can be replaced by 
information gathered in the actual structure allowing for better maintenance, repair and 
strengthening (Dietsch and Kreuzinger, 2011). The assessment of existing timber structures 
performance is dependent on the capacity to evaluate the physical and mechanical 
properties of structural timber elements, thus the interest in updating the material 
properties by use of visual inspection and NDT. 
A grading methodology based on visual inspections associated with NDT results is a 
suitable source of information for updating stochastic models and, thereby, the probability 
of failure. For that purpose, Bayesian methods are often applied to include new 
information into the probabilistic assessment due to their simplicity of use and possibility 
of expressing different degrees of belief to a given information in form of probability 
distributions (Beck and Katafygiotis, 1998; Katafygiotis and Beck, 1998; Vanick et al., 
2000). Bayesian methods allow quantifying the uncertainty related to the estimated 
parameters, regarding the physical uncertainty of the variables, as well as the statistical 
uncertainty of the model parameters and the model uncertainty of the applied mathematical 
model. 
 
6.2 Methodology 
The present chapter aims at discussing the influence of NDT data in the reliability 
assessment of existing timber structures when using initial information together with new 
information. By improving the knowledge upon the mechanical properties of timber 
elements, it is aimed to allow for better and more substantiated decisions after a reliability 
safety assessment (Figure 6.1). It is noted that in most cases, the application of more data 
will result in a higher updated reliability (due to conservative designs), but in some cases, 
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where the prior information was too optimistic, a lower reliability may be the result. 
However, in both cases decisions on further inspections / repairs can be made on a better 
and more informed basis. 
 
Figure 6.1: Flowchart of decision process accounting new information. 
Regarding the proposed methodology in Figure 6.1, the prior information should 
consider the existing structure design at its initial condition. For that assessment, 
information about the structure may be given directly from the designer’s structural plans, 
calculations and/or material specifications. However, not always this information is 
available and therefore, indicative values may be found for material properties in 
standards, often based on semi-empirical information, and from a geometrical survey. This 
first analysis is important in order to establish initial information on the structural 
behaviour and level of reliability. Here, it is proposed to assess first the design phase using 
the ultimate limit state equations in standards, such as Eurocode 5 (CEN, 2004). Indicative 
material properties are obtained from the PMC (JCSS, 2006) and EN 338 (CEN, 2009) for 
probabilistic and semi-deterministic reliability analysis. 
In this chapter, the data selected for new information correspond to the database 
collected in Feio et al. (2007). This database was considered due to the moderate and 
strong correlations that were found between NDT and compression parallel to grain 
stiffness and strength. In addition, that study only considered the analysis of clear wood, 
which therefore corresponds to the material wood level. The combination with visual 
inspection results (detection and characterization of defects), was determined in the 
Onsite assessment Design 
initial information new information (NDT) 
Bayesian updating method 
Mechanical properties of elements 
Material 
Characterization 
Safety 
Evaluation Reliability assessment 
Structure 
Decision 
process 
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previous chapter for prior prediction of a reference property, whereas the updating of the 
mechanical properties by Bayesian methods accounting visual stress-grading will be 
considered in the next chapter. 
In the updating process, the procedure described in Chapter 26 and exemplified in 
Annex A is considered, and uncertainties of NDT methods are modelled through 
Maximum Likelihood where the estimates are included in the reliability assessment. 
In the reliability assessment, FORM are used accounting different structural systems. 
The reliability analysis using FORM was performed with PRADSS software 
(Sørensen, 1987). 
When evaluating the reliability level of an existing structure, it is important to assess 
which are the most likely failure modes and to identify which are the key elements. A key 
element is such that, if failing, would result in extensive failure or progressive collapse of 
the structure. Therefore, data regarding these elements will prove more important in an 
updating scheme, since the information will directly change the reliability level of the 
structural system. After determining the key elements of a structure, the failure sequences 
must be defined. In this case, a failure sequence corresponds to the succession of individual 
element failures that will produce a system failure. The probability of failure of a structure 
is determined by the difference between the resistance distribution (capacity) and the load 
effect distribution (demand). If the structure can be modelled by a series system, then the 
failure of one (key) element implies the failure of the system. Using a FORM 
approximation to assess the structural reliability, the safety margin concept of Equation 
2.11 (see Chapter 2) is extended to the consideration of a safety margin, Mi, which is 
assumed to be formulated for each of the m failure modes (Madsen et al., 1985), as: 
( ) miXgM ..., 2, 1,,ii ==  (6.1) 
where gi(X) is the failure function related to failure mode i. The uncertain parameters are 
modelled by the stochastic variables X. 
The probability of failure of the series system, Sfp , is defined by: 
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If the structure or a part of it can be modelled by a parallel system (e.g. a sequence of 
elements whose failure implies failure of the structure), then all n elements have to fail 
before the failure of the system. In this case the probability of failure, Pfp  can be estimated 
by: 
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6
 Chapter 2, topic 2.3.3: Data updating methods 
Updating of mechanical properties by Bayesian methods 147 
 
 
 
6.3 Updating data source 
The results from NDT, namely, ultrasound, resistance drilling and pin penetration testing, 
conducted upon chestnut wood (Castanea sativa Mill.) specimens are used as new 
information in a Bayesian updating process. In Feio et al., (2007), these results were 
correlated with compression parallel to the grain, fc,0 (Figure 6.2). 
  
a) b) 
  
 
c) 
Figure 6.2: Correlation information between fc,0 and NDT results for chestnut wood 
(adapted from Feio et al., 2007): a) resistance drilling; b) pin penetration; 
c) ultrasound. 
The uncertainties associated to the NDT methods are modelled and included in the 
reliability assessment through a Maximum Likelihood fit of the parameters using a linear 
regression model (Faber et al., 2004) (method described in Annex D) of the dependency 
between fc,0 and the considered indicator. In this case, α0 and α1 are the regression 
parameters and the model uncertainty is modelled by ε assuming that it follows a normal 
distribution with expected value zero and unknown standard deviation σε. The regression 
parameters for the dependency between fc,0 and the NDT indicators are provided in 
Table 6.1. 
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Table 6.1: Regression parameters and lack-of-fit standard deviation for the NDT results 
as a dependency of the compression strength fc,0. 
Test units α
 0 α 1 σε 
Resistance drilling (RM) (Bits) -30.695 0.228 4.122 
Pin penetration (depth) (mm) 102.592 -7.507 5.124 
Ultrasound (Edin) (N/mm2) 19.247 0.018 4.061 
 
6.4 Analysis of single element structures 
The use of Bayesian data updating is now exemplified to define a reliability based 
assessment of existing timber structures considering the information given by NDT. Two 
examples are considered accounting individual members of a given timber structure, 
studied as single elements. 
The first example consists of a simply supported beam, of solid timber, with 
rectangular cross section, with height h and width b. The loads are assumed uniformly 
distributed along the beam length, l (Figure 6.3). 
 
 
 
 
a) b) 
Figure 6.3: Single supported beam: a) structural model; b) cross section. 
The second example consists of a bottom clamped column with a square cross 
section (size b) and length ls. The loads are modelled as concentrated loads applied at the 
top of the column (see Figure 6.4). 
The load combination, in both examples, is defined by: 
( ) QGS ⋅+⋅−= αα1  (6.4) 
where G is the permanent load and Q is the variable load (live load in this case), α is a 
factor between 0 and 1 modelling the fraction of variable and permanent load. Aiming to 
investigate the effect of the variable actions, a similar procedure for load combination is 
adopted by Honfi et al. (2012). 
 
(1-α) G 
α Q 
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h 
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a) b) 
Figure 6.4: Bottom clamped column: a) structural model; b) cross section. 
For the reliability verification of structures, limit state equations are required, which 
in this study were defined with reference to EN 1995-1-1 (CEN, 2004) with the necessary 
changes for a probabilistic analysis. The modification parameter regarding the effect of 
load duration and moisture content of timber, kmod, is considered for the load with smaller 
duration. After the reliability assessment in design phase, the definition and influence of 
different climatic zones on decay models and the reliability throughout time are studied. 
Finally, reliability updating using the resistance drilling test data with different levels of 
belief and reliability updating using the correlations between NDT and mechanical tests are 
carried out. 
 
6.4.1 Simply supported beam 
In a simply supported beam with uniform loading the limit state equation, as formulated in 
Melchers (1999), can be written: 
( )( )QGlfkhbg .1
8
1
6
1 2
mmod
2 αα +⋅−⋅−⋅⋅⋅⋅=  (6.5) 
where fm is the bending strength, G is the permanent load and Q is the variable load, α is 
the load fraction factor and b and h are the cross section width and height, respectively. 
The corresponding deterministic design equation, according to the combination of loads 
given by EN 1990 (CEN, 2002), considering the height, h, of the cross section as the 
design parameter, can be written as: 
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where fm,k is the characteristic bending strength (corresponding to a 5% percentile), γm is 
the partial safety factor for material properties, Gk and Qk are the characteristic values for 
permanent and variable loads, corresponding to 95% and 98% percentiles, respectively, 
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and γG and γQ are the partial safety factors for permanent and variable loads, respectively. 
Both the material and the load partial safety factors also account for model uncertainties 
and dimensional variations. 
The used partial factors are values that provide an acceptable level of reliability 
(target reliability) and have been selected assuming that an appropriate level of 
workmanship and of quality management applies (CEN, 2002). The target reliability 
values are the result of a calibration process that should lead to a reliability index 
according to the PMC (JCSS, 2000). The reliability targets are also compatible with 
observed failure rates and with outcomes of cost-benefit analyses (Rackwitz, 2000). 
The reliability obtained using the design requirements for timber elements subjected 
to bending from Eurocode 5 (CEN, 2004) is shown in Figure 6.5. The design parameter h 
is determined for each value of α according to Equation 6.6. The obtained reliability level 
(or index), β, (with reference period equal to one year corresponding to an annual 
probability of failure) is always above β = 4, reaching values higher than β = 4.7 for 
α = 0.3. 
 
Figure 6.5: Reliability index with reference time one year for the simply supported beam 
with respect to design assessment with Eurocode 5 (CEN, 2004). 
The presented results consider the design of any possible element with this 
configuration. However, when assessing existing structures, it is necessary to use the actual 
geometry of the structure and loading conditions. Considering a possible example, 
Table 6.2 shows the different variables involved in the reliability evaluation for this case. 
The reliability index for different load combinations and with a fixed design 
parameter (h = 400 mm) is shown in Figure 6.6, where comparing to the initial design 
assessment, it is noticed that different relative fractions of load types led to lower or higher 
values of reliability index. In this case, it can be observed that the reliability index for 
lower values of α (0 < α ≤ 0.60) is higher for the existing structure, but for higher values of 
α, the reliability index of the existing structure is lower, which demonstrates the relevance 
of using a stochastic model for adequate reliability assessment. 
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Table 6.2: Variables used in the stochastic model for a simply supported beam 
(JCSS, 2006). 
Variable [X] Distribution E [X] COV [X]
 
Description Characteristic 
values 
fm Lognormal 25 N/mm2 0.25 Bending strength 5% 
G Normal 6 N/mm 0.10 Permanent load 95% 
Q Gumbel 4 N/mm 0.40 Annual maximum live load 98% 
h Deterministic 400 mm - Height of the cross 
section - 
b Deterministic 200 mm - Width of the cross 
section - 
l Deterministic 6600 mm - Length of the beam - 
 
 
 
Legend: 
 assessment with EC5 
case study with PMC 
Figure 6.6: Reliability index with reference time one year for the simply supported beam 
with respect to design assessment with Eurocode 5 (CEN, 2004) (continuous 
line) and assessment of a case study using the PMC (JCSS, 2006) (dashed 
line). 
For the case of α = 0.5, the resistance and demand distributions curves are presented 
in Figure 6.7, where high reliability is denoted by the distance between curves and by the 
significantly small region where the demand is higher than the resistance. 
At this point, with consideration to the methodology proposed in Figure 6.1, the first 
reliability analysis was made after definition of the mechanical properties by information 
of solely initial (or design) data. In order to evidence the significance of updating the 
mechanical properties of an existing timber member by new information, it is considered 
that the structure was exposed to a decay process and that NDT were made to infer about 
its present condition. With that aim, initially it is described the evolution of reliability in 
time regarding decay models with different hypothesis for climatic conditions. The 
definition of the different decay models that were considered, is described in Annex F. 
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Legend: 
 resistance  
demand  
Figure 6.7: Resistance and demand distribution for the simply supported beam for the 
case study using the PMC (JCSS, 2006). 
In order to evaluate the differences that climatic factors may have on the reliability 
level of a structure, an analysis is conducted varying the climatic zones, assuming the 
models proposed in Wang et al. (2008a) (climatic zones A to D, being A the less hazardous 
zone). The decay penetration of each model is dependent on the climatic zone and the 
durability class of the timber element. For the purpose of this example, durability class 1 
was considered. The annual reliability indices for the different deterioration curves 
regarding different climatic zones are presented in Figure 6.8. A stochastic degradation 
model presented in Lourenço et al. (2013) is also used, with a lognormal distributed r with 
mean equal to 0.075 mm/year and COV of 0.70, which was chosen as representative of the 
decay agents found in South-western Europe (climate E) and local wood species. For 
illustrative purposes, a load coefficient α = 0.5 is considered in all models. 
 
 
Legend (from top to bottom): 
i. climatic zone E (r = 0.075 mm/year) 
ii. climatic zone A (r = 0.08 mm/year) 
iii. climatic zone B (r = 0.25 mm/year) 
iv. climatic zone C (r = 0.41 mm/year) 
v. climatic zone D (r = 0.50 mm/year) 
 
 
Figure 6.8: Reliability indices evolution through time using deterioration models 
(Lourenço et al., 2013; Leicester et al., 2009) for different climatic zones. 
The results evidence that the annual reliability index decreases faster when the 
climatic conditions are more hazardous, as the propagation of deterioration in the timber 
element is also faster. When comparing the different models, it is seen that the higher 
reliability curve is given by the stochastic model presented in Lourenço et al. (2013) with 
r = 0.075 mm/year, since it presents the lower penetration rate. The results of choosing 
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different deterioration models, in terms of resistance cumulative distributions, are 
presented in Figure 6.9, for time equal to 50 years. These distributions evidence lower 
values of resistance for the models which led to lower reliability levels, as the deterioration 
process is considered more severe for these models. 
 
Figure 6.9: Example of the resistance distribution functions for the decay models in the 
simply supported beam, after 50 years. 
To illustrate the advantages of using the updating scheme, an example of resistance 
drilling tests is used. These tests allow determining areas with different resistance to 
drilling, thus enabling the detection of decayed areas and the residual cross section. By 
assuming the loss of resistance as a consequence of decay and defining the time of 
exposure, it is possible to obtain the penetration rate of decay, r, with respect to the 
resistant area detected by resistance drilling measurements. Therefore, for each 
measurement of the NDT indicator it is possible to derive the residual cross section and to 
update the deterioration model with respect to the r parameter. 
The resistance drilling tests performed on the structure are assumed to be performed 
in year 20. For illustrative purposes, the model that led to lower reliability in Figure 6.8, is 
considered and eight tests were performed obtaining different values of residual cross 
section (n = number of tests; m = sample mean; s = sample standard deviation) (Table 6.3). 
Table 6.3: Sample of penetration rates derived from resistance drilling tests (eight cross 
section measurements are assumed). 
  r (mm/year) m s 
ri 0.45 0.52 0.65 0.47 0.40 0.42 0.55 0.54 0.50 0.082 
Yi = ln (ri) -0.799 -0.654 -0.431 -0.755 -0.916 -0.868 -0.598 -0.616 -0.70 0.160 
With respect to the degree of belief in the updating data, two possibilities for prior 
information are considered: i) vague prior information on the mean value and standard 
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deviation equal to 0.35 and, ii) vague prior information on mean value and standard 
deviation. For vague information on mean value and standard deviation, the prior 
information parameters are such that: 
- hypothetical sample average, m', and sample standard deviation, s', are not 
relevant; 
- hypothetical number of observations for m', n' = 0; 
- hypothetical number of degrees of freedom for s', v' = 0. 
Thus, the posterior parameters become: n'' = n = 8; v'' = n - 1 = 7; m'' = m = -0.70 
and (s'')2 = s2 = 0.0256. The predictive value of r is given by (JCSS, 1996): 
( )( ) ( ) 






+⋅⋅−⋅=
n
YstYmr 11exp
νdd  (6.7) 
where Y is the lognormal value of the sample of measurements with size n, and tνd has a 
central t-distribution. 
For the 95% quantile, tνd = -1.895 and the predictive value for rd = 0.68 mm/year is 
obtained with a standard deviation of 0.16 mm/year. 
In a second approach, it is assumed that the information from the standard deviation 
of r is known to be equal to 0.35 mm/year. The prior information parameters become: m' is 
not relevant; s' = 0.35; n' = 0; v' = ∞ and the posterior parameters become: n'' = n = 8; 
v'' = ∞; m'' = m = -0.70 and (s'')2 = s2 = 0.12. 
With respect to Equation 6.7, and assuming tνd = t∞ = -1.645 for the 95% quantile, a 
predictive value for r = 0.91 mm/year is obtained with associated standard deviation of 
0.35 mm/year. 
The influence of the updating process in the resistance distribution is presented in 
Figure 6.10, for a time of 20 years (date of inspection) and at time equal to 50 years (30 
years after the inspection). In this case, the model updated with prior information presents 
closer reliability levels compared to the model with no updating, as the lower tail of the 
distributions are similar. The difference between resistance distributions for different time 
periods is therefore evidenced. In the case of time equal to 50 years, the lower variation for 
the model after updating compared to the model with no update is clear. 
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a) b) 
Figure 6.10: Resistance distributions for the simply supported beam before and after 
updating, according to decay evolution: a) at 20 years (year of inspection); 
b) at 50 years. 
The values for the updated stochastic model using the new information are 
implemented in the deterioration model, and the updated reliability is estimated again. 
Figure 6.11 shows the updated annual reliability indices. By calculating the probability of 
failure, pf, and the corresponding reliability index, β, decisions on inspections and repairs 
can be initiated when the reliability index reaches a given critical threshold. Once a 
temporal record of β has been established, it is also possible to calculate the time when a 
particular value of β is reached (Moore et al., 2012). 
 
 
Legend: Decay models: 
i. assumed before NDT information 
ii. after NDT information, without 
updating 
iii. updated model with NDT data, 
with no prior information 
iv. updated model with NDT data 
with σ known 
Figure 6.11: Reliability indices evolution through time with updating, using deterioration 
model in Leicester et al. (2009). 
By updating the model with NDT data with uncertain information about the mean 
and standard deviation, an increase in the structural safety reliability values is visible 
compared to the expected by the decay model prediction. The differences, although 
significant, may be explained by different reasons in real practice, as the element may have 
not been exposed to extreme conditions of humidity or temperature or it might be from a 
higher durability class than originally assumed in the decay model. However, since an 
important difference between reliability values was found, and in this case may provide 
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unsafe reliability assessments, it is necessary to confirm the accuracy of the data with more 
information. From Figure 6.11, and between the two updated models, it is seen that with 
the model updated with σ known, it is possible to find lower values of the reliability index. 
The reason is that the COV in the prior information is higher than the one observed using 
the NDT results. From these results, two alternative conclusions can be made: i) in the case 
with vague information on the mean and standard deviation, either the information is not 
adequate to this specific structure and climate and thus, should be disregarded; ii), the 
number of tests is insufficient and therefore the observation sample is not adequate and 
should be improved with information about the standard deviation. 
It is noted that results given by NDT may provide either an increase or decrease in 
structural safety reliability compared to the predictive models. Therefore, it is erroneous to 
conclude that updating a model leads to a better or worse level of safety reliability. In 
reality, it can only be stated that updating a model will only provide a more accurate and 
precise definition of the structural behaviour of a specific element or system of elements in 
terms of reliability. 
 
6.4.2 Column 
In a perfect column, the limit state equation is related to the maximum compressive stress 
along the height of the column, which by formulation of Melchers (1999), is given by: 
( )( ) AQGfkg .1c,0mod αα +⋅−−⋅=  (6.8) 
where fc,0 is the compressive strength parallel to the grain, G is the permanent load and Q is 
the variable load, α is the load fraction factor and A is the cross section area. 
Considering the area of the cross section, A, as the design parameter, the design 
equation, according to the combination of loads in Eurocode 0 (CEN, 2002), is: 
( )( ) 0.1 QkGk
m
kc,0,
mod ≥⋅+⋅⋅−−⋅ AQG
f
k γαγα
γ
 (6.9) 
where fc,0,k is the characteristic compression parallel to grain strength (correspondent to a 
5% percentile), γm is the partial safety factor for material properties, Gk and Qk are the 
characteristic values for permanent and variable loads, corresponding to 95% and 98% 
percentiles, respectively, and γG and γQ are the partial safety factors for permanent and 
variable loads, respectively. 
Based on a semi-deterministic approach using partial safety factors, the load 
variables are defined through their characteristic values, and the remaining parameters are 
deterministic. The reliability index obtained by the design of timber elements subjected to 
pure compression, as from Eurocode 5 (CEN, 2004), is presented in Figure 6.12 for each 
value of the fraction of variable load α. For this analysis the cross section area, A, of the 
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column should be such that buckling is disregarded (slenderness ratio λrel ≤ 0.3 (CEN, 
2004)). 
 
Figure 6.12: Annual reliability index with reference time one year for the column element 
with respect to Equation 6.9. 
The obtained mean reliability index is approximately β = 4.7 (pf = 1.30×10-6) which 
is higher than the suggested by JCSS (2000) for 1 year reference period and reliability 
class 1 (β = 4.2) but equal to the required in Eurocode 0 annex B (CEN, 2002) for 
reliability class RC2. Moreover, it is noticeable that this limit state equation for pure 
compression produces reliabilities with dependence of α similar to the simple bending limit 
state equation (see Figures 6.5 and 6.12). However, the reliability values obtained using the 
limit state equations suggested by Eurocode 5 (CEN, 2004) for design in pure compression 
are higher than for simple bending. Another difference is that, in this case, β for α = 1 is 
much smaller than β for α = 0. 
In order to have a practical updating example, a cross section of 60 × 60 mm2 is 
considered for analysis. The objective of this updating analysis is to have a suitable method 
to update the value of compressive strength parallel to the grain (fc,0) of timber elements 
when NDT results are available and, also, to consider the uncertainty involved in this 
process. Then, a reliability analysis is conducted for evaluation of the validity of the 
considered correlations. This procedure aims also at analysing the influence of the 
uncertainty introduced by each separate NDT. Firstly, the resistance parameters of the 
column are implemented in the reference stochastic models considering the values for fc,0 
given by the mechanical characterization. Then, for an updating scheme, fc,0 is determined 
with respect to the linear regression model obtained by the Maximum Likelihood method 
for each NDT. 
The parameters of the models are given in Table 6.4. The two reference models for 
fc,0 pretend to establish a benchmark for comparison. In the first model, the average value 
of fc,0 is chosen equal to the sample average of DT with COV as proposed by JCSS (2006). 
In the second model, fc,0 is modelled by the sample average and COV as obtained in the 
DT. For both models, lognormal distributions are assumed. 
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Table 6.4: Variables used in the stochastic model for a column example. 
Variable 
[X] Distribution E [X] COV [X] Description 
fc,o Lognormal µDT 0.2 fc,0 – average value of destructive tests (reference model) 
fc,o Lognormal µDT σDT = 0.15 fc,0 – average value and COV of destructive tests (reference model) 
fc,o - α0 + α1 · µRM + ε - fc,0  – average value of resistance drilling  tests 
fc,o - α0 + α1 · µdepth + ε - fc,0  – average value of pin penetration tests 
fc,o - α0 + α1 · µEdin + ε - fc,0 – average value of ultrasound tests 
ε Normal 0 σε Uncertainty parameter of each NDT 
G Normal 60000 N 0.10 Permanent load 
Q Gumbel 40000 N 0.40 Annual maximum live load 
A Deterministic 3600 mm2 - Area of the cross section 
 
According to the considered NDT data, three models are used with respect to each 
type of test. The results for the reference models and for the models updated by the 
correlations between fc,0 and results from NDT are given in Figure 6.13. The results show 
higher values of reliability index for the models updated with NDT data. This is mainly 
due to the consideration of the correlation between DT and NDT used to update fc,0. 
Although uncertainty is implemented through consideration of parameter ε, the variation of 
fc,0 is lower than when the coefficient of variation of the reference models is used. 
 
 
 
Legend (from top to bottom, in α = 0): 
 
Continuous line: reference models 
fc,0 = µDT; COVDT = 0.15 (βα=0 = 2.39) 
fc,0 = µDT; COV = 0.20 (βα=0 = 1.89) 
 
Dashed line: models with NDT information 
fc,0 = α0 – α1 · µEdin + ε (βα=0 = 3.08) 
fc,0 = α0 – α1 · µRM + ε (βα=0 = 3.08) 
fc,0 = α0 – α1 · µdepth + ε (βα=0 = 2.60) 
Figure 6.13: Annual reliability index of reference models and updated models obtained by 
NDT data. 
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α
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The resistance drilling and ultrasound updating schemes, which presented similar 
results, must be used with caution since they led to higher values of reliability than the 
references values. The updating scheme regarding the data from the pin penetration tests 
gave lower values of reliability. The main differences are found for the maximum value of 
the reliability curves around from α = 0 to α = 0.25. However, the data with respect to the 
pin penetration tests presented more approximated values to one of the reference models. 
Figure 6.14 presents the demand distribution and the resistance distributions for the 
reference models and for the models after updating by NDT data, for α = 0.5. A lower 
variation in the models after updating is visible with also higher expected values. As also 
indicated in the previously analysis, the pin penetration test data led to values closer to the 
reference models. 
 
Figure 6.14: Resistance and demand distributions for the column for reference models (no 
updating) and models updated by NDT. 
 
6.5 Analysis of structural system 
An illustrative example of a structural system is considered for demonstration of the 
influence of updating an element's mechanical properties within the proposed 
methodology. For that purpose, a planar timber truss is considered (Figure 6.15), submitted 
to permanent, G, and live load, Q. Considering that the elements of this kind of structures 
are mainly subjected to axial stresses, three different limit state conditions are initially 
assumed. The limit state equations are related to tension and compression parallel to grain, 
and to instability due to buckling of compressed elements. 
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Figure 6.15: Structural model of a planar timber truss with elements' numeration and 
applied loading. 
 
6.5.1 Design 
Before conducting any reliability assessment, the different elements must be designed in 
terms of cross section dimensions. The structure is assumed to be constructed with chestnut 
wood, however with consideration, in the design procedure, of two different strength 
classes. The classes considered are D30 and D50 as given in EN 338 (2009). For both 
cases, the structural design respected the following hypotheses: 
- tensile elements (1, 2, 3, 4, 8, 10) have 75% of the cross section used; 
- compressive elements (5, 6, 9, 12, 13, 15, 16) have 95% of the cross section 
used, with respect to buckling verification; 
- the cross sections are uniform in order to allow an easier construction 
process; 
- the vertical elements (5, 7, 9, 11, 13) all have the same dimension, 
determined by the most stressed element (9); 
- the chords are composed by single 10 m long elements. 
These hypotheses provide that the most critical limit states are related to compression 
parallel to the grain, allowing the use of the previous NDT correlations as updating data. 
Taking into account that two different strength classes of timber were considered, for each 
design, different cross sections were obtained for the truss members. In the following 
description, each structure will be defined by D30 or D50 design, according to the used 
timber strength class. 
In this example, failure of the lower or upper chords would correspond to the 
structural failure of the system, which is a series type behaviour in reliability analysis. 
Therefore, the chords represent key elements of the structure. 
 
6.5.2 Reliability analysis 
For the D30 design, the reliability index of the structure (reference period time of one year) 
for a series system is found to be β = 5.18 (pf = 1.11×10-7) (failure of the upper chord by 
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instability), whereas for the D50 design the annual reliability index of the structural system 
is found to be β = 4.64 (pf = 1.74×10-6) (failure of the upper chord by instability). 
Although the reliability indices in D30 design for elements 6, 8, 10 and 12 are lower 
than the reliability indices of element 15 and 16, the failure of these elements does not 
correspond to a structural failure, whereas failure of one element of the upper chord leads 
to a global failure. As referred by Vrouwenvelder (2002), although the reliability targets 
refer to the structural system as a whole, in most cases, probabilistic design is performed at 
the element level. Therefore, the system failure is ruled by that particular element.  
The design using D50 strength class produces lower values of reliability indices due 
to the assumed design considerations that defined different cross sections for each design. 
The reliability indices for each element regarding both designs are shown in Table 6.5. 
Table 6.5: Reliability indices for each element of the truss structure with probability of 
failure in brackets (period reference one year). 
Elements Design D30 D50 
1, 4 5.22 (8.95×10-8) 
4.95 
(3.71×10-7) 
2, 3 5.22 (8.95×10-8) 
4.95 
(3.71×10-7) 
5, 13 10.39 (<1×10-15) 
9.40 
(<1×10-15) 
6, 12 5.08 (1.89×10-7) 
4.55 
(2.68×10-6) 
7, 11 * * 
8, 10 5.01 (2.72×10-7) 
5.10 
(1.70×10-7) 
9 5.44 (2.66×10-8) 
4.88 
(5.30×10-7) 
14, 17 * * 
15, 16 5.18 (1.11×10-7) 
4.64 
(1.74×10-6) 
* for zero members β ⇒ ∞ 
 
As mentioned by Moore et al. (2012), in presence of degradation processes, the 
lifetime of components can be severely reduced. Therefore, after the evaluation of the 
safety level in an initial condition (design stage or present stage), also the deterioration of 
elements was taken into account in the evolution of reliability along time. However, when 
considering deterioration in a reliability analysis of a structure composed by a system of 
different elements, the key elements must first be found. In order to identify the key 
elements and the most critical limit state regarding deterioration of the timber elements, a 
reliability assessment was performed considering a perimetral loss of cross section, τ, for 
each element separately. The elements considered as key elements are those for which the 
influence of perimetral loss of cross section would be more pronounced corresponding to 
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lower reliability indices. A similar procedure is presented by Moore et al. (2012) in 
assessing the probability that a structural timber element will exceed a specific limit state 
as the effective cross section diameter decreases.  
The key elements for each limit state are shown in Figure 6.16. The initial values 
(τ = 0) for the most critical limit states are in accordance to usual design values. For D30, 
the reliability index of the key elements is β = 5.01 (pf = 2.72×10-7), whereas for D50 the 
reliability index is β = 4.88 (pf = 5.30×10-7). For the structure with D30 timber, tension 
parallel to grain is the most critical limit state at the beginning of loss of cross section in 
elements 8 and 10. However, when the reliability index values start to be smaller than 4.5 
(pf = 3.40×10-6), the most critical limit state condition is given by buckling in element 9. 
For D50 design, the buckling limit state is always the most critical, with element 9 as the 
key element. Since timber tensile behaviour is more influenced by the presence of defects 
than compression, tension strength parallel to grain is more sensitive to the strength class 
than compression strength parallel to grain. Element 9 is also considered as a key element 
because when weakened, or in case of failure, the stresses are redistributed to the other 
elements of the truss producing shear and bending stresses in the upper chord. Since the 
upper chord was not initially designed for that kind of stress, its reliability highly decreases 
and structural failure is a likely scenario. The increase of shear and bending stresses in the 
upper chord is mainly noticeable when elements 8, 9 or 10 are weakened. 
Regarding the influence of a decay process in element 9, the structural reliability 
index (corresponding to the failure of a parallel system with first failure in the decayed 
element) would be β = 6.28 (pf = 1.69×10-10) and β = 5.90 (pf = 1.82×10-9) for D30 and 
D50 design, respectively. In D30 design, failure of element 9 by instability would be 
followed by the failure of the upper chord by shear. In D50 design, the failure of element 9 
by instability would be followed by failure of the upper chord by lateral torsional 
instability. 
For illustration of the applicability of an updating process regarding NDT 
information and its use in the assessment of evolution in time of performance regarding the 
key elements of an existing timber structure, the data obtained by the Maximum 
Likelihood estimates given in Table 6.1 are considered as example data to update the 
reliability of the truss system. In this case, the NDT data does not intend to replace the 
strength grading provided by EN 338 (CEN, 2009), but to be considered as possible new 
information given by an onsite evaluation. Therefore, the cross section geometry is taken 
from the design procedures, however fc,0 is updated by the NDT information.  
For illustration purposes, the truss designed with D50 strength class was analysed 
considering the information given by the pin penetration tests. D50 design was considered 
because the data from the NDT in Feio et al. (2007) correspond to results obtained from 
small clear specimens that are better compared to higher strength grading classes, where 
lower percentages of defects are admissible. The data from the pin penetration tests was 
considered due to its better fit found in the assessment of the single column element (see 
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Figure 6.13) when compared to one of the reference models that considered the data from 
the DT. 
  
Legend: Legend: 
 buckling (element 9) 
tension (elements 8 and 10) 
compression (element 9) 
 buckling (element 9) 
tension (elements 8 and 10) 
compression (element 9) 
a) b) 
Figure 6.16: Annual reliability index with respect to perimetral loss of cross section for the 
limit state conditions of buckling (element 9) – dashed line, tension (elements 
8 and 10) – continuous line, compression (element 9) – dotted line, in: a) D30 
design; b) D50 design. 
In order to analyse the safety reliability assessment and updating process, the demand 
and resistance distributions curves are exemplified for element 9 according to the most 
conditioning limit state in this case (instability by buckling) (Figure 6.17). To that aim, 
resistance curves for D50 design without updating and the results of the updating process 
with the pin penetration tests, are considered. In this case, the updating process led to 
higher values of resistance with lower variation, and therefore an increase in the safety 
reliability level was obtained. 
 
Figure 6.17: Resistance and demand distributions (buckling limit state) for element 9 of 
the truss for D50 design and model updated by pin penetration test data. 
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6.6 Final remarks 
When discussing the behaviour of single element structures, it was shown how it is 
possible to update decay model parameters by use of NDT data through Bayesian methods. 
In this approach, different degrees of belief in the updating data resulted in significant 
differences in the evolution of the reliability analysis. Moreover, regarding existing 
correlations from a database of NDT and laboratorial tests, the compressive strength 
parallel to grain of chestnut elements was determined using linear regression models 
obtained by Maximum Likelihood estimates, allowing the modelling of the uncertainty of 
each NDT. 
Uncertainty related to physical parameters, as strength and geometric parameters, 
were considered in the reliability assessment. For compressive strength parallel to the 
grain, a Bayesian stochastic model is applied, where at a design stage the prior model is 
used for reliability assessment. In this chapter, additional indicators are used to obtain the 
measured values for the physical variables. This introduces an additional model uncertainty 
which was estimated through the Maximum Likelihood method. For the reassessment 
stage, where data from NDT is available, the posterior model is used conditional to the 
measured values. Therefore, the reliability level could be both larger and smaller 
depending on the considered data, concluding that the objective of NDT data updating is to 
allow a better understanding of the characteristics of the structural elements, particularly 
with respect to the key elements of the structure, and to allow a more precise safety 
assessment. Epistemic uncertainty regarding statistical and measurement uncertainties, can 
also be implemented to the applied Bayesian model, however were not considered in the 
presented analysis. 
Using NDT information as updating data in a probabilistic analysis, the results given 
by the pin penetration tests were similar to the reference experimental model with mean 
value and COV given by the results of the laboratorial tests. The resistance drilling and 
ultrasound updating schemes led to higher level of reliability than the reference model 
values, therefore these updating data should be considered with caution, as they can result 
in unsafe results for the reliability in comparison to the reference models. 
In the truss structure example, the same design hypotheses led to different reliability 
levels regarding different timber strength classes. Identification of the key elements 
according to the type of load / action was demonstrated to be a fundamental step in order to 
understand the level of reliability of an existing structure. The compressive strength 
parallel to the grain was updated by use of NDT data and a revaluation of the reliability 
assessment was made. 
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Chapter 7 
Hierarchical modelling: Use of Bayesian 
Probabilistic Networks 
 
 
ABSTRACT: The information gathered in the experimental campaign is hierarchically 
modelled by use of Bayesian Probabilistic Networks, accounting for different sources of 
information (visual and mechanical grading) and different size scales. The objective is to 
infer on chestnut timber mechanical properties, namely bending stiffness and strength, by a 
framework that allows to incorporate the influence of visual grading, on both scales (micro 
and meso), and mechanical grading of smaller size scale specimens on the probabilistic 
models of structural size timber beams' mechanical properties, and to update these models 
with new information. Thereafter, this framework is formalized in a safety assessment 
example contemplating different prior information and the updated results retrieved from 
the Bayesian Probabilistic Networks. 
 
 
166 Chapter 7 
 
 
7.1 Data for the networks 
Taking into account distinct sources of information and the variability of the reference 
properties that influence the correlation to other mechanical properties of timber, it is 
useful to hierarchically model the problem at hand by defining the different situations or 
characteristics that allow to obtain information about the target result. Such a hierarchical 
approach, proves to be beneficial as means to provide information about a complex 
structural system by knowledge solely from information of the material and element scales 
and their relation to the system. To that aim, the use of visual inspection combined with 
information of local MOE in bending in small scale samples has been considered to predict 
the stiffness and strength properties of full size scale members, in this chapter, by use of 
Bayesian Probabilistic Networks (BPNs).  
The variability of stiffness properties within an individual board was studied by 
several approaches as in Kline et al. (1986), Taylor and Bender (1991) and Aicher et al. 
(2002), while in Fink and Köhler (2011) and Sousa et al. (2012), special attention was 
given to the influence of defects in stiffness. Also, through the analysis of results found in 
the experimental campaign previously described in Chapter 3, it was noticed that the 
partition of results of bending MOE with consideration to visual strength grading allowed 
to obtain samples with significant statistic variation values between them. 
The within element variability of strength was studied in the works of Czomch et al. 
(1991), Isaksson (1999) and Köhler (2007) regarding the subdivision of the timber 
elements in sections with or without major knots and knot clusters. Regarding the analysis 
of bending strength, fm, it is patent that timber failures are more prone to take place in weak 
sections corresponding to sections with significant defects (or neighbouring sections), as 
previously evidenced in Chapter 3 and Chapter 4. 
The results presented in Chapter 3 are considered as initial data for the construction 
of the hierarchical levels and its interrelationships within the BPN. The considered BPNs 
are defined by discrete nodes and the inference engine of Hugin (2008) was applied to 
build the network and to calculate the marginal probability values, for both BPNs for 
quantification of bending stiffness and strength. The probabilities within each BPN are 
updated through Bayes' theorem regarding the belief propagation within the arrangements 
of nodes of the different considered BPNs. 
The results were modelled by posterior probabilistic distribution parameters, 
accounting the results of MLE and χ2 tests initially performed to the global sample (see 
Chapter 4). Attending to the obtained results and according to PMC (JCSS, 2000 and 
JCSS, 2006) recommendations, lognormal distributions are assumed to represent the 
underlying results obtained from the BPN, for both MOE and fm, accounting to different 
levels of evidence. The results of the data inference of the BPNs were then used in the 
verification of ultimate and serviceability limit state functions for the example of a simply 
supported beam. 
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7.2 Bayesian Probabilistic Networks 
7.2.1 Bending stiffness networks 
Firstly, BPNs are used to infer on MOE in bending by information regarding the structural 
size, S, and visual grading, VI. The states of S consider results in beams, SB, and in boards, 
Sb, while the states in VI correspond to the different visual grades (I, II, III and NC). In 
other words, subscripts B and b correspond to the beams tested in Phase 2 and to the boards 
tested in Phase 3, respectively. 
Visual grading was considered as parent node in the following analysis, as it 
provides a link between scales and, also is commonly an available parameter in the 
assessment of existing timber structures. The relationship between visual grading in 
different size scales (Phases 2 and 3) is confirmed in Figure 7.1, especially for extreme 
classes (class I and NC). In this case, a higher percentage of boards with VIb = I is found 
for beams with VIB = II, decreasing progressively as the visual grading in beams also 
decreases. The higher percentage of segments with VIb = NC is found for beams with 
VIB = NC. 
  
a) b) c) 
Figure 7.1: Percentage distribution of boards visual grading given the visual grade in 
beams with: a) class II; b) class III; c) class NC. 
 
Simple converging BPN 
The first BPN serves as a direct representation of the experimental results obtained in the 
4-point bending tests, having S and VI as parent nodes, in a simplified converging model 
(Figure 7.2), and therefore, aims at validating the possibility of use of these parent nodes as 
prior information on the inference of MOE in bending. The results of MOE in bending, 
regarding each state of the parent nodes, are defined in discrete intervals in the child node 
through the calculation of the conditional probability tables. Intervals of 2000 N/mm2, 
starting from 0 and up to 32000 N/mm2 are considered for the discrete representation of the 
child node MOE. This first BPN is repeated so as to consider for results either from local, 
Em,l, or global, Em,g, MOE. 
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Figure 7.2: Simplified converging BPN model, for experimental data validation in the 
inference of MOE in bending. 
Firstly, the results of the simple converging model with parent nodes S and VI are 
considered, with different levels of evidence, in Figure 7.3. The results regarding the 
inference of local and global MOE are considered in terms of cumulative frequency of the 
posterior updated probability tables of the respective discrete functions. Moreover, 
information about the histograms of the relative frequency are provided for each level of 
prior evidence. It should be noted that, as no beam was graded with class I, information 
about the probability distribution is not reliable when updating with prior evidence such as 
VI = I ∩ S = beam and, thus in the present case, should not be considered for reliability 
assessment. 
A well defined differentiation of results regarding different visual grades is 
noticeable, when inferring on the posterior stiffness distributions for either board or beam. 
Evidence entered as VI = III or VI = NC, when S = board, propagates to a posterior 
distribution for either Em,l_b or Em,g_b with higher frequency values for lower levels of 
stiffness comparing to the case without evidence in VI. On the other hand, for the same 
conditions but considering VI = I, higher frequency values are found for higher levels of 
stiffness. In this case, evidence entered as VI = II provides similar cumulative frequency 
distributions compared to the prior distribution without evidence in VI. For the beam scale, 
which means S = beam, also a clear separation between frequency distributions of different 
VI is found for the case of Em,l_B, however less defined in the case of Em,g_B. In either case, 
lower values of stiffness are present comparing to the prior distribution without evidence in 
VI, mainly after cumulative frequency of approximately 12.5%. The shift of all posterior 
distributions to one side of the cumulative frequency distribution of the prior distribution, 
in the case of the beam scale, especially noted in the tails of the distributions (frequency 
values below 10% or above 90%) is found due to need of considering a constant residual 
frequency for VI = I for enabling the evidence propagation algorithm. 
Structural size 
S 
Visual grading 
VI 
MOE bending 
Em,l / Em,g 
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a) b) 
  
c) d) 
Figure 7.3: Cumulative frequency results for local and global MOE in bending obtained 
from the converging BPN with evidence in scale and visual inspection: a) Em,l 
in boards; b) Em,l in beams; c) Em,g in boards; d) Em,g in beams. 
 
Double visual grading node converging BPN 
As the complexity of the BPNs are increased, by introduction of new nodes or by 
rearrangement of the existing ones, graphical indication is given regarding the size scale of 
the elements and of the different tests, so as to define the hierarchical interrelationships 
between nodes. In this light, the BPN is modified to differentiate between visual 
inspections made to the timber element at different scales. It is important to highlight the 
visual grading made to different scales as it is commonly found that, due to the high 
variability in timber, a knot or cluster of knots (or any other relevant defect) may be 
confined to a section or segment, leaving the neighbouring sections unaffected, and thus 
the visual grading of the element as a whole may be conservative regarding the clear wood 
segments that may be found along its length.  
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Initially, the division of visual grading by scales is considered in a converging BPN, 
thus considering an independent relationship between visual grading at different size scales 
(Figure 7.4). For this BPN, prior information on a visual inspection scale will not change 
the marginal probabilities of the visual grading states in the other scale. 
 
Figure 7.4: Converging BPN model with two nodes for different size scales in visual 
grading, for inferring the MOE in bending. 
The division of visual grading by different size scales allowed a better definition of 
states within parent nodes VIb and VIB, which, in the present case, was of special interest as 
no beam was graded as class I. Therefore, by this division it was possible to assume the 
states I, II, III and NC for VIb, whereas only the states II, III and NC were assumed for VIB. 
The results from the division of the parent node VI in two nodes with consideration to the 
visual grading in different size scales, VIB and VIb, in a converging BPN are presented in 
Figure 7.5 for evidence of S = beam and in Figure 7.6 for evidence of S = board.  
The results regard every possible combination when evidence is given simultaneous 
to both visual inspection scales (evidence in VIB and VIb). In each graph, for a given size 
scale and visual grading of the same scale, comparison is made between cumulative 
frequencies corresponding to different evidences in visual grade in the other scale. For all 
cases, indication of the posterior probabilities are also provided by graphical representation 
in the form of histograms, allowing an easy understanding of the decrease in value of the 
mechanical property in study, when either or both visual gradings in different size scales, 
tend to lower grades. 
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a) b) 
  
  
c) d) 
Figure 7.5: Cumulative frequency results for Em,g in beams with different evidence in 
visual inspection of boards and information about visual inspection of beams 
as: a) no evidence; b) class II; c) class III; d) class NC. 
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a) b) 
  
  
c) d) 
 
 
e) 
Figure 7.6: Cumulative frequency results for Em,l in boards with different evidence in 
visual inspection of beams and information about visual inspection of boards 
as: a) no evidence; b) class I; c) class II; d) class III; e) class NC. 
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Double visual grading node series BPN 
In the BPN represented in Figure 7.4 it is assumed that visual inspection made to different 
scales are independent events however, since the sawn boards were retrieved from the 
beams, a logical relation should be assumed. With regard to this premise, a series 
connection is considered between visual grading in different scales, before converging to 
the child node which infers the MOE in bending (Figure 7.7). 
The order, in which the visual grading nodes are arranged, depends on the aim of the 
study and available data. If only a visual grading was made to the structural size beams, for 
instance as in a visual inspection made to an existing timber element on a construction site, 
and the study aims at analysing the possibility to use segments or regions with good 
mechanical properties, even if the overall inspection made to the timber members indicated 
lower mechanical properties, the first parent node should correspond to the visual grading 
in the sawn beam scale and after directed to the smaller scale visual grading. On the other 
hand, if visual inspection was made to small segments or performed continuously along the 
length of an element, such as in machine strength grading, thus obtaining a localized visual 
grading, and the study aims at quantifying the global mechanical properties of structural 
sized members, then the first parent node should correspond to the visual grading made to 
the smaller elements. 
 
Figure 7.7: BPN model with series connection in visual grading of different size scales, 
for inferring the MOE in bending (considering two different possible node 
arrangements with the introduction of a switch node). 
The representation of the BPN in Figure 7.7 contemplates a switch node, SN, which 
allows to consider both the above possibilities for visual grading. The SN has two states, 
corresponding to each of the visual grading arrangements converging to it. By choosing 
one of the states, the information regarding the other visual grading arrangement will not 
be considered. This SN does not incorporate any conditional probability, and therefore, 
does not conjecture about any node descending from it. Also, it should be noted that the 
converging links connected to this node do not present any arrow, as this is only a path 
connection from the visual grading nodes to the MOE child node. The different 
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arrangements of nodes found within the VI level, as presented in Figure 7.7, will have 
equal joint probabilities before reaching the SN, independently of the position of nodes. 
Therefore, evidence in a VI grade of one node will provide the same updated probabilities 
to the other VI node, regardless of the chosen arrangements of nodes. However, the results 
of MOE in bending will greatly depend on the node located immediately before the SN, as 
the conditional probability table for the child node will depend upon the evidence given in 
the predecessor parent node, therefore, the different combinations will tend to render 
different results on the MOE in bending. 
The results for the BPNs that combine visual grades in different size scales in a series 
arrangement are given in Figure 7.8 when VIB is the first parent node and, otherwise in 
Figure 7.9 when VIb is the first parent node. As it is common practice to have visual 
grading made only to a size scale of the member, the results of updated cumulative 
frequencies are presented when evidence is entered solely to one scale size of VI (either 
VIB or VIb). This also allows to determine in which level of the BPN, information should be 
entered in order to produce higher differentiation in the results. Moreover, inference results 
are only presented for Em,g when information is given in the beam scale, and for Em,l when 
information is given in the board scale, with aim at inferring about the global behaviour of 
structural size elements and at a local material level. By these premises, it is intended to 
explore the potential of these BPNs to produce information about the stiffness of an 
existing timber element, both in terms of material and structural characterization, regarding 
information of visual inspection made only in one scale. 
The analysis of the possible sequences for the arrangement of the visual grading in 
different scales, evidences that information entered in the second parent node (the nearest 
to the child node) will provide a more significant differentiation between posterior 
probabilities. For the case in study, if information is provided to the first parent node (a 
root node), the posterior probabilities of MOE in bending will only present minor 
differences compared to the prior probability distribution. This situation occurs due to 
similar conditional probability found between cases in different visual grading (e.g. 
P(VIb = III | VIB = II) ≈ P(VIb = III | VIB = III) ≈ P(VIb = III | VIB = NC)), meaning that 
similar percentages of grading of smaller segments were found for beams with different 
visual grading (Figure 7.1). Slight differences are only found for the cases where both 
visual gradings indicate either higher classes (e.g. VIB = II ∩ VIb = I) or lower classes (e.g. 
VIB = NC ∩ VIb = NC), as they presented higher conditional probabilities than those given 
by evidence on other visual grading classes. 
Comparing these results with the first simplified converging BPN, it is found that the 
posterior distributions for Em,l_b in Figure 7.8a and for Em,g_B in Figure 7.9b, are similar to 
those previously obtained in Figure 7.3, therefore evidencing the validity of the division of 
node VI into two different nodes with respect to the scale of the element. As only the 16 
beams that were graded in both scales were considered for the conditional probabilities in 
the BPN with double VI nodes in series, Figure 7.9b shows, in the posterior distribution of 
Em,g_B, a difference to the first BPN when VIB = II. This is consequence of the different 
number of beams considered with class II, because within the beams that were not 
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considered two were graded as class II and the other two as class NC. The difference is 
more noticeable in class II than in class NC, because on the overall sample, fewer beams 
were classified as class II and, therefore the disregard of two beams in that class was more 
significant than in class NC. 
a) b) 
  
c) d) 
Figure 7.8: Cumulative frequency results for Em,l in boards and Em,g in beams with 
evidence in: a), b) visual inspection of boards; c), d) visual inspection of 
beams. 
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a) b) 
  
c) d) 
Figure 7.9: Cumulative frequency results for Em,l in boards and Em,g in beams with 
evidence in: a), b) visual inspection of beams; c), d) visual inspection of 
boards. 
 
Hierarchical BPN 
The last of the proposed BPN for inferring MOE in bending considers a hierarchical 
arrangement of the information given by different experimental tests in the different size 
scales (Figure 7.10). The purpose of this BPN is to obtain information about the global 
stiffness in bending of structural size beams, Em,g_B, by prior localized information of 
smaller size scale elements. To that aim, both boards' visual inspection, VIb, and local 
MOE in bending, Em,l_b, are considered as parent nodes. The proposed network is an 
extension of the network given in Figure 7.7. In order to obtain a suitable definition of 
information within nodes, only the sixteen beams that are used also in the board 
assessment are considered (the 4 beams led to failure are not considered). 
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Figure 7.10: Hierarchical BPN to infer about global MOE in bending of structural size 
elements by prior localized information in smaller size elements. 
The results from the hierarchical BPN that infers about Em,g_B by prior localized 
information of smaller size scale elements are presented in Figure 7.11, regarding variation 
of evidence in Em,l_b with a given VIB, and in Figure 7.12, regarding variation of evidence 
in VIb with a given Em,l_b. Figure 7.11 allows for a sensitivity analysis of the importance of 
entering information regarding smaller size specimens in the definition of structural size 
elements mechanical properties, not only when a given VIB is considered but also between 
different VIB. On the other hand, Figure 7.12 considers the combination of information 
regarding only the smaller scale specimens by evidence in VIb and Em,l_b, allowing for the 
assessment of the evolution of Em,g_B based in the variation of that evidence. 
Distinct ranges for Em,g_B are clearly defined for different evidences in VIB, as shown 
in Figure 7.11. Class II beams present posterior distributions with higher values of Em,g_B 
than the prior distribution. For those beams, cumulative frequency above 10% are only 
found for values of Em,g_B higher than 13000 N/mm2, independent of the evidence in Em,l_b. 
Lowering the VIB to class III produces posterior frequency distributions around the range 
of the prior distribution without evidence in Em,l_b, whereas lowering the VIB to class NC 
produces posterior distributions with lower values of Em,g_B than the prior distribution 
without evidence in Em,l_b. Exception to these defined ranges are found when VIB = NC and 
Em,l_b > 17000 N/mm2, where the posterior distributions still present higher values of Em,g_B 
than the prior distribution, at the lower tail of the distributions and almost until 50% of 
cumulative frequency, evidencing that information about Em,l_b is relevant in the resulting 
distribution of Em,g_B in this hierarchical BPN. 
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a) b) 
  
 
c) 
Figure 7.11: Cumulative frequency results for global MOE in bending for beams obtained 
with evidence in Em,l_b results and beams' visual grade: a) VIB = II; 
b) VIB = III; c) VIB = NC. 
The relevance of Em,l_b is further highlighted in Figure 7.12, where is shown that 
values of Em,l_b lower than 11000 N/mm2 produces lower values of Em,g_B than the prior 
distribution, whereas, only above 15000 N/mm2 for Em,l_b, higher values of Em,g_B are 
found in the lower tail for any possible evidence in VIb. For evidences in Em,l_b ranging 
from 11000 to 15000 N/mm2 the posterior distribution are similar to the prior distribution 
without evidence in Em,l_b. 
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Figure 7.12: Evolution of cumulative frequency results with evidence in VIb, throughout 
increasing of prior Em,l_b (horizontal axes are Em,g_B in N/mm2 and vertical 
axes are frequency in %). 
When extracting small specimens from a structural element intending at its 
mechanical characterization, often clear wood samples are taken for reference values as 
they present less variability than specimens with defects. Moreover, clear wood specimens 
also present advantages regarding an easier cutting process and preparation of specimens 
for testing. In this study, clear wood specimens are visually graded as class I, therefore, 
accounting for the application of this BPN into the assessment of an existing timber 
element, the results of the posterior probabilities of Em,g_B are presented with consideration 
of evidences provided by a small element graded as class I (VIb = I) combined with the 
different possible evidences in Em,l_b, in Figure 7.13. For the case of VIb = I, a clear trend 
for higher values of Em,g_B is found when increasing the values in the evidence of Em,l_b. 
When comparing with the prior distribution, no evidence in Em,l_b, posterior distributions 
with lower values of Em,g_B are found when evidence in Em,l_b indicates values lower than 
11000 N/mm2, while evidence indicating Em,l_b higher than 11000 N/mm2 infers in 
posterior distributions with higher Em,g_B values than the prior distribution. 
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Figure 7.13: Cumulative frequency results for global MOE in bending for beams obtained 
with evidence in Em,l_b results and for boards' visual grade I. 
The statistical parameters regarding the results obtained in the posterior distributions, 
with evidence in VIb and Em,l_b or in VIB and Em,l_b, are presented in Table 7.1. Mean and 
COV were determined based on the posterior probability histograms, while the 
characteristic value (corresponding to the 5th percentile) was derived considering 
lognormal distributions adjusted to each case. In general, a decrease of the mean and 
characteristic values is found when lowering the visual grading class, whereas increasing 
for higher values of Em,l_b. 
Accounting the difference between mean values of Em,g_B among consecutive visual 
grades within a same Em,l_b class, an average decrease on mean of 2.5% or 15.1% are 
found, respectively for visual grade evidence given on VIB or VIb. Concurrently, an average 
increase on mean of 2.9% and 2.5% are found, respectively for visual grade evidence given 
on VIB or VIb, between consecutive Em,l_b classes within a same visual grade. Comparing to 
the case where no evidence is given either to VI or Em,l_b, an average decrease on mean of 
4.2% is found considering all cases with evidence in VIb, whereas an average increase on 
mean of 6.0% is found considering all cases with evidence in VIB. 
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Table 7.1: Mean and characteristic values for different evidences in the hierarchical 
BPN for infer in Em,g_B. 
Em,l_b 
(kN/mm2) 
VIb VIB 
no 
evid. I II III NC 
no 
evid II III NC 
no evid. 
11323 
(22.9) 
7768 
11550 
(22.9) 
7924 
10995 
(22.8) 
7558 
11047 
(23.1) 
7560 
10723 
(22.0) 
7462 
11323 
(22.9) 
7768 
14443 
(6.3) 
13030 
11701 
(25.8) 
7652 
10400 
(20.1) 
7466 
< 5 
9957 
(27.8) 
6305 
10294 
(ND) 
ND 
9451 
(ND) 
ND 
9500 
(28.8) 
5919 
9143 
(22.8) 
6283 
9957 
(27.8) 
6305 
15000 
(ND) 
ND 
9000 
(ND) 
ND 
8750 
(14.6) 
6876 
[5;7[ 
10129 
(29.9) 
6193 
10450 
(34) 
5975 
9643 
(33.5) 
5558 
9686 
(33.6) 
5577 
9363 
(28.4) 
5867 
10129 
(29.9) 
6193 
15000 
(ND) 
ND 
9000 
(ND) 
ND 
9001 
(24.7) 
6000 
[7;9[ 
10678 
(24.8) 
7107 
10950 
(26.3) 
7099 
10257 
(26.0) 
6684 
10279 
(26.2) 
6678 
10067 
(22.7) 
6933 
10678 
(24.8) 
7107 
15000 
(ND) 
ND 
9000 
(ND) 
ND 
9800 
(19.2) 
7147 
[9;11[ 
10725 
(24.8) 
7130 
10989 
(25.3) 
7253 
10374 
(26.5) 
6703 
10418 
(25.8) 
6815 
10118 
(26.3) 
6569 
10725 
(24.8) 
7130 
14334 
(8.1) 
12555 
10500 
(28.6) 
6563 
9800 
(21.2) 
6918 
[11;13[ 
11416 
(23.2) 
7788 
11651 
(23.4) 
7932 
11074 
(23.4) 
7538 
11118 
(24.1) 
7478 
10818 
(24.5) 
7235 
11416 
(23.2) 
7788 
14750 
(4.8) 
13631 
11400 
(28.8) 
7095 
10506 
(20.5) 
7502 
[13;15[ 
11452 
(23.0) 
7850 
11672 
(22.8) 
8015 
11142 
(24.0) 
7508 
11150 
(26.5) 
7209 
10844 
(27.1) 
6949 
11452 
(23.0) 
7850 
14334 
(6.8) 
12816 
12336 
(25.6) 
8092 
10502 
(21.0) 
7440 
[15;17[ 
11703 
(21.4) 
8235 
11876 
(21.0) 
8401 
11469 
(22.6) 
7907 
11542 
(26.6) 
7457 
11152 
(ND) 
ND 
11703 
(21.4) 
8235 
13666 
(7.2) 
12139 
13668 
(19.4) 
9942 
10806 
(21.0) 
7648 
[17;19[ 
12246 
(14.0) 
9724 
12415 
(14.4) 
9799 
10022 
(19.3) 
7293 
12087 
(ND) 
ND 
11724 
(ND) 
ND 
12246 
(14.0) 
9724 
14166 
(7.3) 
12569 
13998 
(17.5) 
10494 
11400 
(7.8) 
10020 
> 19 
12114 
(15.6) 
9379 
12303 
(16.2) 
9429 
11839 
(ND) 
ND 
11874 
(ND) 
ND 
11641 
(ND) 
ND 
12114 
(15.6) 
9379 
14800 
(4.3) 
13795 
12000 
(35.4) 
6708 
11400 
(7.8) 
10020 
Mean and coefficient of variation according to posterior probabilities in the updated discrete 
histograms for Em,g_B. 
Coefficient of variation in brackets, in percentage. 
Characteristic values corresponding to the 5th percentile based on a lognormal distribution. 
ND: not defined (due to low number of events for the combination of evidences). 
 
7.2.2 Bending strength network 
Following, the proposed BPN, as shown in Figure 7.14, takes into account prior 
information concerning the visual inspection grading, VIb, and global MOE, Em,g_b, in 
182 Chapter 7 
 
 
boards for quantification of the bending strength, fm_b, at the same size scale. The states in 
VIb correspond to the different visual grades (I, II, III and NC), whereas the states of Em,g_b 
are considered by intervals of 2500 N/mm2 up to 17500 N/mm2, with an initial interval of 
[0,5000[ N/mm2 so as to prevent an interval without any event. Intervals of 10 N/mm2, 
starting from 0 and up to 90 N/mm2 are considered for the discrete representation of the 
child node fm_b.  
In this BPN the Em,g_b was chosen as prior information for fm_b, instead of Em,l_b, as it 
provided a better correlation (r2 = 0.69 > 0.38), regarding the experimental data in Chapter 
3. The arrangement of the parent nodes was conditioned by the available data results and 
expert decision. As insufficient data regarding the bending strength of beams was available 
for the validation of a BPN, only the size scale of boards was here considered. Also in this 
experimental campaign, segments that were given higher visual grading (I and II classes) 
and evidenced high values of Em,g_b, did not produce any event with low value of fm_b. On 
the other hand, segments that were given lower visual grading (III and NC classes) and 
evidenced low values of Em,g_b, did not produce any event with high value of fm_b. 
Therefore in a discrete BPN, this prior information cannot be described by two converging 
nodes, as the conditional probability tables for the child node would evidence non-existing 
events. To prevent this situation, a series BPN was considered having as first parent node 
the VIb followed by the Em,g_b. 
Figure 7.14: Simplified converging BPN model to infer about bending strength in local 
segments. 
The value of this network resides in the possibility to gather information about the 
localized bending strength of a section regarding its visual inspection and bending 
stiffness, which can be very useful for the assessment of the structural size element since, 
as mentioned before, the failure of the global element is often associated to a specific weak 
section. 
The results of the proposed series BPN, to infer on fm_b, regarding the posterior 
probabilities expressed by distribution frequency curves, are presented in Figure 7.15 with 
evidence entered at the parent node VIb. Lognormal distributions were adjusted regarding 
the statistical parameters of the posterior probabilities histogram. 
The propagation of evidence through the BPN allows the analysis to both Em,g_b and 
fm_b. In both cases, a clear distinction is found between PDF of different VIb evidence, 
VI Boards 
VIb 
Boards 
MOE Boards 
Em,g_b 
Bending strength 
fm_b 
 
Visual grading VI Bending tests 
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indicating higher values for the mechanical properties as the visual grade also increases. 
Also, higher variation is found for the PDF with lower visual grade classes. By comparison 
with the prior PDF (VIb = no evidence), in the case of infer on Em,g_b similar values are 
found in the posterior PDF with VIb = III, meanwhile in the case of inferring on fm_b similar 
values are found in the posterior PDF with VIb = II. Therefore, it is sufficient to consider 
class III in VIb, to observe a decrease in the value of fm_b comparing to the prior PDF, 
whereas it is necessary to consider class NC to find a substantial decrease when 
considering Em,g_b. This situation supports that the BPN correctly models the behaviour of 
timber, as the bending strength is usually more influenced by defects (and thus firstly 
related to visual grading) than MOE in bending. 
a) b) 
Figure 7.15: Cumulative frequency results in board scale, obtained with different 
evidences in VIb, for a): Em,g_b; b) fm_b. 
The statistical parameters regarding the results obtained in the posterior distributions, 
with evidence in VIb, are presented in Table 7.2. Mean and COV were determined based on 
the posterior probability histograms, while the characteristic value (corresponding to the 
5th percentile) was derived considering the CDF provided in Figure 7.15. 
To all cases, a decrease of the mean and characteristic values is found when lowering 
the visual grade. The average difference between mean values of consecutive grading 
classes points a decrease of 25.2% and of 19.5%, respectively when analysing Em,g_b and 
fm_b. Higher decrease in the mechanical properties is found when lowering from class III to 
class NC (40.6% and 31.9%, respectively for Em,g_b and fm_b). 
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Table 7.2: Mean and characteristic values for different evidences in the BPN for infer in 
fm_B. 
Mechanical 
property 
VIb 
no evid. I II III NC 
Em,g_b 
(N/mm2) 
10053 
(23.8) 
6795 
13125 
(16.1) 
10066 
11250 
(10.5) 
9469 
9860 
(25.7) 
6460 
6719 
(31.3) 
4012 
fm,b 
(N/mm2) 
42.8 
(23.6) 
29.1 
52.6 
(19.4) 
38.2 
43.1 
(24.4) 
28.9 
35.8 
(29.6) 
22.0 
21.3 
(49.9) 
9.4 
Mean and coefficient of variation according to posterior probabilities in the updated discrete 
histograms for Em,g_b and fm_b. 
Coefficient of variation in brackets, in percentage. 
Characteristic values corresponding to the 5th percentile based on a lognormal distribution. 
 
7.3 Analysis of a single element structure 
The example considered in Chapter 6, regarding the assessment of a simply supported 
beam is hereby taken into account to demonstrate the use of the proposed BPNs and to 
investigate the influence of different prior information in the reliability analysis. 
 
7.3.1 Ultimate limit state verification 
Initially, the mechanical properties are provided given the mean and coefficient of 
variation of the posterior probability distribution resulting from the inference within the 
BPN without any prior evidence. In a first step, the results deriving from the BPN that 
infers on bending strength, fm (see Table 7.2), are applied. 
The same loading scenario is considered and also the span between supports is equal 
to the previous example. However, in order to obtain reliability indices of comparable 
order with the obtained previously, the cross section dimensions were reconsidered in the 
design parameter, which in this case was considered to be the height, h, of the cross section 
(see Equation 6.6). With a load fraction factor of α = 0.5, a height of 300 mm was found to 
provide a similar reliability index as the previous example in Chapter 6, for reference 
period of one year. In this case, the resistance of the global element (beam scale) was 
considered to be equal to the resistance of the critical section (board scale), thus 
information is considered to be retrieved and representative of that critical section. With 
these premises an initial reliability index of β = 4.70 is attained (≈ 4.67, obtained in 
Chapter 6 with h = 400 mm) when no prior evidence is considered. 
Following the same structural conditions and loading scenario, different levels of 
information were introduced to the parent node regarding visual inspection in the lower 
size scale (Figure 7.16). When information is given as VIb = I, the reliability index is 
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higher than the one obtained with no prior evidence, whereas for VIb = III or VIb = NC the 
reliability index is lower. The consideration of VIb = II led to similar reliability index 
compared with the case of no prior evidence.  
 
Figure 7.16: Reliability indices for different levels of prior information. 
With exception of the case VIb = NC, the introduction of new information still 
resulted in the indication of an acceptable level of structural safety. Moreover, in the case 
of VIb = I, the cross section could even be redesigned to optimize the use of material 
(consideration of a smaller height). 
The case of VIb = NC results in a high decrease compared to the visual grade 
immediately before (class III), and even indicates an unsafe structural level. This is mainly 
due to the large variation found in that class combined with a lower mean value of bending 
strength. 
The influence of different levels of information is also assessed in terms of design 
value by determining the cross section height, for each case with evidence, which would 
provide the same reliability level of the case with no evidence. In this example, when 
having VIb = I, a 15.7% smaller height would provide a β = 4.70, whereas the other cases 
would need an increase of height to provide the same reliability index. These increases 
would be of 1.0%, 21.7% and 132.7% for VIb = II, VIb = III and VIb = NC, respectively. 
 
7.3.2 Serviceability limit state verification 
After assessing the safety level regarding the ultimate limit state, the results deriving from 
the hierarchical BPN that infers on bending stiffness (see Table 7.1), are applied. In this 
case, the deflection in service limit state will be assessed. For structures consisting of 
elements, components and connections with the same creep behaviour and under the 
assumption of a linear relationship between the actions and the corresponding 
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deformations, the final deformation may be taken as the sum of the effect of each action 
considered separately (CEN, 2004). Each component of deflection is then affected by the 
stiffness modification factor, kdef, according to the service class, and by the factor for 
quasi-permanent value for variable loads, ψ2. 
The component of deflection for permanent load, uG, was obtained through 
Equation 7.1 and the component for variable load, uQ, was obtained through Equation 7.2: 
( ) ( )def3
4
G 112MOE
1
384
5 k
hb
lG
u +⋅





⋅⋅
⋅⋅−
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α
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( )def23
4
Q 112MOE384
5 k
hb
lQ
u ⋅Ψ+⋅





⋅⋅
⋅⋅
⋅=
α
 
(7.2) 
where MOE is the bending modulus of elasticity, G is the permanent load and Q is the 
variable load, α is the load fraction factor and b and h are the cross section width and 
height, respectively, kdef is the stiffness modification factor and ψ2 is the factor for 
quasi-permanent value for the live load. Considering that the structure is in a residential 
area, and is made of solid timber in a service class 1 environment, the values of kdef = 0.6 
and ψ2 = 0.3 are attained (CEN, 2002 and 2004). 
The deflection of the beam is assessed for the centre section by considering the 
service limit state equation as: 
( )QGL uug +−= δ  (7.3) 
where δL is the allowable deflection limit dependent of the span length (in this case 
δL = l/350 was adopted). 
The same loading scenario is considered and also the span between supports is equal 
to the previous example. However, the height h (design parameter) was dimensioned in 
order to provide a β = 2.90 when no evidence is given in the BPN. This reliability level is 
considered from the indication of Annex C of CEN (2002) C for reliability class 2. With a 
load fraction factor of α = 0.5, a height of 435 mm was found to provide a β = 2.92, for 
reference period of one year. Comparing to the ultimate state verification, it is found that 
the serviceability limit state is the most conditioning in terms of cross section height. 
Following the same structural conditions and loading scenario, different levels of 
information were introduced to the parent nodes regarding visual inspection in different 
size scales and information of Em,l in the board scale. The results are presented in Table 7.3 
considering the reliability index and the percentage difference on the height of the cross 
section necessary to obtain the same reliability level when no evidence is provided to the 
BPN. Combination of evidences that had low number of events in the experimental 
campaign were not considered. 
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Table 7.3: Reliability indices for different levels of prior information and percentage 
difference of the design value. 
Em,l_b 
(kN/mm2) 
VIb VIB 
no 
evid. I II III NC 
no 
evid II III NC 
no evid. 2.92 
3.02 
(-0.69) 
2.78 
(0.92) 
2.80 
(0.92) 
2.66 
(1.84) 
2.92 
4.18 
(-8.51) 
3.05 
(-0.92) 
2.53 
(2.76) 
< 5 
2.22 
(4.83) 
ND ND 
1.95 
(6.67) 
1.82 
(7.36) 
2.22 
(4.83) 
ND ND 
1.66 
(8.51) 
[5;7[ 
2.28 
(4.37) 
2.38 
(3.68) 
1.96 
(6.44) 
1.98 
(6.44) 
1.88 
(7.13) 
2.28 
(4.37) 
ND ND 
1.71 
(8.05) 
[7;9[ 
2.61 
(2.07) 
2.72 
(1.38) 
2.39 
(3.68) 
2.40 
(3.45) 
2.34 
(4.14) 
2.61 
(2.07) 
ND ND 
2.23 
(4.60) 
[9;11[ 
2.63 
(2.07) 
2.75 
(1.15) 
2.45 
(3.22) 
2.48 
(2.99) 
2.32 
(4.14) 
2.63 
(2.07) 
4.14 
(-8.28) 
2.48 
(2.99) 
2.21 
(4.83) 
[11;13[ 
2.96 
(-0.23) 
3.02 
(-0.92) 
2.81 
(0.92) 
2.82 
(0.69) 
2.68 
(1.61) 
2.96 
(-0.23) 
4.29 
(-9.20) 
2.89 
(0.23) 
2.58 
(2.30) 
[13;15[ 
2.98 
(-0.23) 
3.07 
(-0.92) 
2.83 
(0.69) 
2.81 
(0.92) 
2.66 
(1.84) 
2.98 
(-0.23) 
4.15 
(-8.28) 
3.31 
(-2.53) 
2.57 
(2.53) 
[15;17[ 
3.10 
(-1.15) 
3.17 
(-1.61) 
2.99 
(-0.46) 
2.97 
(-0.46) 
ND 
3.10 
(-1.15) 
3.92 
(-6.67) 
3.85 
(-6.21) 
2.71 
(1.38) 
[17;19[ 
3.37 
(-2.99) 
3.44 
(-3.45) 
2.35 
(3.91) 
ND ND 
3.37 
(-2.99) 
4.09 
(-7.82) 
3.98 
(-7.13) 
3.06 
(-0.92) 
> 19 
3.31 
(-2.53) 
3.38 
(-2.99) 
ND ND ND 
3.31 
(-2.53) 
4.30 
(-9.20) 
3.04 
(-0.69) 
3.06 
(-0.92) 
Percentage difference of the design value to obtain the same reliability level when no evidence is 
provided in the BPN presented within brackets, in percentage. 
A positive value in the percentage difference means a need to increase the height of the cross section, 
whereas a negative value means a need to decrease the height of the cross section in order to 
obtain a β = 2.92 (case without any evidence). 
ND: not defined (due to low number of events for the combination of evidences). 
 
The results in Table 7.3 evidence that lower reliability indices are found when 
evidence indicates lower visual grading and lower values of Em,l_b and, on the opposite 
case, that higher reliability indices are found when evidence indicates higher visual grading 
(VIb = I, II or VIB = II) and higher values of Em,l_b. Significant differences are found on the 
reliability indices between cases with different evidences in Em,l_b. 
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Overall, according to the different combinations of evidence, the cross section height 
could be reduced up to 9.20% (VIB = II ∩ Em,l_b > 19 kN/mm2) or have to be increased 
8.51% (VIB = NC ∩ Em,l_b < 5 kN/mm2), as to obtain the same reliability index of the case 
when no evidence is provided. 
Although the relative differences in height are rather small for some cases, it is 
important to notice that these values may be comparable to the loss of cross section in 
existing timber structures exposed to decay. In that case, the combination of results of 
visual grading and local mechanical tests, combined through the proposed method, proves 
to be effective in the verification of serviceability limit states for a decayed structure. 
 
7.4 Final remarks 
The implementation of grading procedures, which allow for an explicit consideration of 
information during the grading process itself and also for use in reliability assessment, is 
further challenging when it concerns grading existing timber elements already in use. 
Various approaches for grading have been addressed, however, many reside within the 
same basic concept that the main properties of interest may be assessed indirectly by 
means of other properties. 
The use of visual inspection and information from small size specimens are common 
available data for the mechanical assessment of timber elements. In that light, the previous 
described BPNs allowed to infer about bending stiffness and strength of timber elements 
influenced by visual grading and mechanical tests made in different size scales. Given 
these influencing factors, the proposed BPNs were capable of updating the conditional 
probability distributions and showed that the marginal probability distributions of timber 
mechanical properties were significantly altered when provided different evidences. 
Clearly, more refined predictions of the mechanical properties can be obtained by increase 
of the states in either or both parent and child nodes. Nevertheless, an increase of the 
refinement of states must be accompanied with a larger number of events (number of 
visual grading and mechanical test measurements) for a consistent and trustworthy 
assessment. 
The different proposed BPNs, with increasing level of complexity and hierarchy, 
demonstrated that more detailed information may be obtained by adding new parent nodes 
or by dividing pre-existing ones. Therefore, extension of the BPNs may be accomplished 
by adding nodes representing variables to which information is known or may become 
available, and after updating the interrelationships and probability distribution functions of 
those variables. These premises were implemented throughout the BPNs inferring on 
bending MOE, making possible to validate a BPN where the Em,g of structural size timber 
elements could be derived by information of mechanical test results made to small 
specimens combined with visual grading of the elements at different size scales. 
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Moreover, the predicted marginal probability functions were used to determine the 
mean and characteristic values of the timber elements' mechanical properties, consisting in 
an important step regarding the possible allocation of each sub-sample into a specific 
structural class. As example, the strength class system provided by EN 338 (CEN, 2009) 
considers for grade assignment the characteristic values (5th percentile) for strength 
properties and density, and the mean values for MOE and shear modulus. Within the scope 
of this strength class system, the importance of the BPN inferring on both Em,g_b and fm_b is 
noticeable when evidence is given on VIb. In this case and assuming the statistical results 
of the underlying probability distribution for the bending stiffness and strength, a D24 class 
is attributed when no evidence is given to visual grading. An increase in strength class to 
D30 or D40 is present, respectively when VIb = II or VIb = I. On the other hand, a decrease 
to strength class D18 is present when VIb = III and no strength class is admitted for 
VIb = NC since the required values are not fulfilled. In all cases of evidence in VIb, the 
limiting strength grading parameter was the mean MOE in bending. These results 
evidenced that the use of BPN combined with multi-scale information on visual grading 
and mechanical testing provides a consistent basis for strength grading of existing timber 
elements. Furthermore, this methodology may be applied to reliability assessment, as the 
uncertainty of each variable is passed throughout the propagation of different evidences 
and reflected on the BPN results, as posterior marginal probability distributions. 
The results of the data inference of the BPNs were used in the verification of ultimate 
limit state in bending for a simply supported beam, and also for the deflection 
serviceability limit state. A comparison of the reliability indices and of the design values 
are considered between different cases of inputted evidence, evidencing that the cross 
section may be optimized regarding the results from localized information and visual 
grading in different size scales. 
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Chapter 8 
Conclusions and future developments 
 
 
ABSTRACT: The conclusions of this work are presented in this last chapter. The main 
findings are evidenced and its value to the research community is highlighted. 
As for all research activities, every answer opens a door to a new question, and 
therefore, the limitations of this work and indications for future research topics are 
addressed. 
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8.1 Retrospect and motivation 
The safety evaluation of existing timber structures is currently made by use of 
deterministic or semi-probabilistic codes, even though these methods are oriented for the 
assessment of new construction and do not allow for a complete evaluation of the 
uncertainty related to the mechanical properties of timber. Attending to the inherit 
variability of the mechanical properties of timber, both within and between elements, it is 
recommended their characterization and definition by probabilistic methods. Several 
efforts have been made in that direction and is now possible to use probabilistic methods in 
the assessment of existing timber structures. Nevertheless, the reliability of these methods 
greatly depends on the capability to obtain data, both qualitatively and quantitatively, 
necessary for the inference of timber's reference properties and prediction of the remaining 
ones by correlation. 
At the present state of knowledge, due to several research projects, rational design 
rules, based on a detailed material description validated by comparison with significant 
number of empirical results, are made available to a timber construction designer. 
However, safety assessment of existing structures and characterization of traditional 
wooden building techniques remain a true challenge. 
The distribution of stiffness and strength along a timber element is dependent of 
several factors namely, among others, the distribution of clear wood and sections with 
defects and the size effect. Despite the significant efforts in the development of models for 
the consideration of these factors, methods that allow for their onsite application to the 
assessment of existing timber structures are still missing. Within this scope, the objective 
of this work was to provide an insight of different methods for the assessment and 
prediction of the mechanical properties of elements in existing timber structures. These 
methods were conceived based on different sources of information, in particular, by the 
analysis of small scale specimens aided by the information of visual grading and 
non-destructive testing, combined with different size scales. To that purpose, a hierarchical 
modelling was adopted for inference on bending stiffness and strength reference properties 
with the possibility of being updated with new information. 
 
8.2 Summary of results 
The main premises and findings of this work are provided through Chapters 2 to 7. In 
Chapter 2, the main issues regarding methodologies for safety assessment of existing 
timber structures are reviewed and discussed. Focus was given to the topics which were 
considered relevant for this work. Testing of the mechanical properties of timber through 
different procedures regarding its level of damage to the timber member are presented and 
discussed. Moreover, distinct methods of timber grading are outlined and compared. 
Assessment of structural safety was presented regarding semi-deterministic and 
probabilistic approaches. Different hierarchical models were discussed and the framework 
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for updating probabilistic models by Bayesian methods was addressed and further 
mentioned in the framework of inference by probabilistic network. 
Chapters 3 and 4 represent the description and analysis of an experimental campaign 
made to chestnut timber beams, which allowed for the material characterization and the 
definition of correlations within and between different size scales. In Chapter 3, the 
experimental campaign evidenced the results of visual grading and of non and 
semi-destructive tests made in different scales of timber, regarding the size of specimens, 
with respect to a visual stress-grading. A combination of bending tests made to structural 
size elements and tests made in the parallel to the grain direction for clear wood specimens 
was considered for the mechanical grading of timber.  
The variation and relationship between scales was discussed in more detail in 
Chapter 4, where moderate and high correlations were obtained within the same scale, with 
a trend to lower correlations between different scales, due to the size effect. In some cases, 
the correlations with non-destructive tests were moderately low and therefore, for 
quantitative analysis, these methods can only be used in combination with mechanical 
characterization. The variation of results was also found to be lower within the same 
element but in different proportions regarding the direction of measurement (along the 
height of the cross section or length of the timber member). The fit to probabilistic 
parameters regarding different possible probability distributions was dealt accounting 
Maximum Likelihood methods and goodness-of-fit tests. These analyses evidenced that the 
mechanical properties of timber could be better represented by combination of different 
distributions mainly the extreme values found at the tails of the distributions. 
Chapters 5 to 7 represent the application and exemplification of methods to predict 
different mechanical properties of timber and also possible procedures for updating these 
models. Within Chapters 5 and 7, structural timber was considered attending to the 
identification and classification of defects made in Chapter 2, whereas Chapter 6 provided 
an insight on data updating through clear wood information gathered in literature. 
In Chapter 5, the prediction of bending stiffness in structural size elements using 
information of visual grading and bending tests in smaller size scales was considered. High 
correlations between models and experimental campaign were found with acceptable 
percentage error, even when considering random sampling of the measurements and using 
reduction factors regarding the visual grades. Regarding this sample, it was concluded that 
visual inspection combined with information of clear wood's bending stiffness could 
provide a suitable prior information  
In Chapter 6, exemplification of a Bayesian updating procedure was given regarding 
prior information by non-destructive evaluation and by clear wood mechanical properties 
characterization in the parallel to the grain direction. Both single element structures and a 
truss system, were discussed. The introduction of new information revealed to provide a 
significant difference in the assessment of structures both regarding short and long 
evaluation of safety. More substantiated maintenance plans and also its calibration are 
made possible by these procedures. 
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The last chapter of development of this work, comprised the evaluation of bending 
stiffness and strength by use of Probabilistic Bayesian Networks using the information 
gathered in the analysed experimental campaign. Chapter 7 provided an evolution in the 
definition of a hierarchical model for bending stiffness taking into account visual grading 
and bending tests made at different size scales. The results are comparable to the empirical 
evidence and proved to identify different posterior information accounting different initial 
conditions. The networks were also designed in order to consider different combinations of 
available information in an onsite assessment. Furthermore, a model regarding failure of 
weak sections within a structural timber member is proposed and exemplified in a case 
study. The results evidence the gains obtained in the safety evaluation of the timber 
element when different levels of information were considered. 
 
8.3 Originality of the work 
The present work had the main objective of proposing different models for safety 
evaluation of timber structures by prediction and inference of the mechanical properties of 
timber at the element level. The models were based on empirical data obtained through an 
experimental campaign and literature data, and updating was provided by use of 
probabilistic methods.  
The originality of this work resides in the prediction of the mechanical properties of 
timber in different size scales, with information that may be available in an onsite 
assessment combined with small specimens mechanical characterization. The correlations 
found between and within scales are fundamental to this analysis and also pose as an 
original point of this work regarding its use for visual stress-grading in different scales. 
The results of these research points have been pointed in several publications (Sousa et al., 
2012, in press_b and in press_c). 
Furthermore, the updating through non-destructive data is considered new and 
original accounting the use of different quantitative and qualitative data (Sousa et al., 
2013b), as well as accounting the differentiation of samples by visual stress-grading (Sousa 
et al., 2013a) and bending mechanical properties. The resulting hierarchical model using 
probabilistic networks and its fundamental methodology, are a meaningful contribution for 
the safety evaluation of existing timber structures. By the proposed methodologies it is 
intended to have a more reliable and informed decision making process, regarding possible 
interventions or maintenance in timber elements. 
The exemplification of different case studies in the structural element size, with the 
illustration of how timber material properties can be updated in regard to different types of 
information and decay models, also allowed for the further development of the 
understanding of timber as a structural material (Brites et al., 2013; Lourenço et al., 2013; 
Sousa et al., in press_a). 
 
Conclusions and future developments 195 
 
 
 
8.4 Limitations and future work 
This work mainly considers the inference and assessment of the mechanical properties at 
the element scale. However, the safety assessment and reliability of a timber structure is 
not only dependent of the properties of the individual elements, but also to a large extent 
should consider its joints and interaction between elements. As evidenced in several 
events, failure of timber structures often occur not only due to low mechanical properties 
of the elements but, specially, due to the combination of several errors and unfavourable 
conditions. To that aim, it is proposed that this work can be combined in a global 
assessment framework which also considers the assessment of structural joints. 
The assessment of existing timber elements also comprises the evaluation of decay 
which in the present work was assessed only by bi-parametric models that consider the 
progress of decay. In this case, the models were not fully calibrated as only insufficient 
data from monitoring and case studies was available. Within this scope, future work should 
be considered regarding the retrieval of data from long term monitoring and onsite 
evaluation of elements with decay. Moreover, the influence of decay in joints is an 
important issue to further analyse and discuss. 
Due to the availability of material, the proposed methodologies and models were 
calibrated with consideration to the results of an experimental campaign made to a 
relatively small sample. Although the principles of the models can be extended to other 
species, it is necessary to calibrate the grading procedures and confirm its validity of use. 
Even for the same species, it is suggested that different origins should be assessed. 
Finally, density was not considered as a defining parameter in the prediction and in 
the hierarchical models, as it did not provide strong correlations with other properties. 
Nevertheless, density might be relevant in the distinction and assessment between different 
wood species. 
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Annex A 
A. Example of updating by Bayesian methods 
Consider a resistance model R with a normal distribution characterized by mean value µ 
and standard deviation σ. The prior distribution is now denoted fR′ (µ,σ) and is considered 
to be defined as: 
( ) ( )( ) ( ) ( )( )





−+−= ++− 222
1'''
''''
2
1
exp|
R
mnskf n µυ
σ
σσµ δν
 (A.1) 
with: 
( ) 0'for 0' == nnδ  (A.2) 
( ) 0'for 1' >= nnδ  (A.3) 
The prior information about the standard deviation σ is given by parameters s' and 
ν'. The expected value and coefficient of variation of σ can asymptotically (for large ν') be 
expressed as: 
( ) 'sE =σ  (A.4) 
( )
'2
1COV
ν
σ =
 (A.5) 
The prior information about the mean µ is given by parameters m', n' and s'. The 
expectation and coefficient of variation of µ can asymptotically (for large ν') be expressed 
as: 
( ) 'mE =µ  (A.6) 
( )
''
'COV
nm
s
=µ
 (A.7) 
Another possible way to interpret the prior information is to consider the results of 
hypothetical prior test series, for mean and standard deviation analysis. For that case the 
standard deviation is characterized by: 
- s' is the hypothetical sample value; 
- ν' is the hypothetical number of degrees of freedom for s'. 
The information about the mean is given by: 
- m' is the hypothetical sample average; 
- n' is the hypothetical number of observations for m'. 
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Usually for a test it is considered that ν = n – 1, but the prior parameters n' and ν' are 
independent from each other. 
The consideration of these parameters allows defining the expected values of mean 
and standard deviation of the prior information, and also permits to consider the degree of 
uncertainty related to those values. For low or lack of information, n' and ν' are to be 
considered equal to zero, whereas when almost deterministic knowledge of the mean and 
standard deviation is available this will lead to higher values of n' and ν' (i.e. 20 or 40). 
When new information is available, the resistant model given by the prior 
distribution fR' (µ,σ) may be updated according to Equation 2.28, with the parameters: 
nnn += '''  (A.8) 
( )'''' nδννν ++=  (A.9) 
nmmnnm += ''''''  (A.10) 
( ) ( ) ( ) ( ) 222222 '''''''''''' nmsmnsmns +++=+ ννν
 
(A.11) 
Assuming, as previously mentioned, that ν = n – 1 and that δ(n') is given by 
Equations A.2 and A.3. 
With this procedure and taking into account Equation 2.29 the predictive value of the 
resistance R is given by: 






+−=
''
11''''
'ν'R
n
stmf
 (A.12) 
where tν'' has a central t-distribution. The appropriate choice of value for tν'' makes possible 
the calculation of characteristic values, each are often in Eurocodes given as the fifth 
percentile for resistance and 95th or 98th for loads. 
For this case, a parametric analysis upon the influence of the number of sampling test 
pieces of new information in the resultant characteristic value was considered. For this the 
following premises were taken: 
- new information was gathered from a trial of tests. The number of test pieces 
n is the focus of this study. The sample mean m is equal to 75 kN and the 
sample standard deviation s is equal to 15 kN. On a first step, both m and s 
are constant regardless of the number of test pieces n, although physically not 
coherent; 
- from prior information the sample mean was equal to 80 kN, but with high 
variation. The standard deviation s' is equal to 17 kN with a coefficient of 
variation of 25%. 
By varying the number of test pieces n the characteristic value for resistance Rk is 
influenced as shown in Figure A.1. From the analysis of the evolution of Rk, it is concluded 
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that, in a first stage an increase of the number of test pieces is highly advantageous as, even 
a small increase in n, produces a large increase in Rk. However, this curve tends to stabilize 
in a horizontal asymptote and, thus, even high increments of n lead to small increments of 
Rk. Although, as previously mentioned, the assumption of constant mean and standard 
deviation for different values of n may be found questionable, the value of this preliminary 
study is found when dealing with cost assessment when defining the number of necessary 
tests. 
 
Figure A.1: Variation of the characteristic value for resistance with number of test pieces. 
For the same example, a parametric analysis was conducted to assess the importance 
of different parameters regarding the characteristic resistance versus number of test 
samples. The results are presented in Figure A.2. From the results, the following 
conclusions were taken for this example: 
- by varying the standard deviation of the new information s (Figure A.2a) it is 
observed that the values of Rk are very influenced. For lower values of s the 
values of Rk increase towards the value of m. The values of Rk tend to 
stabilize for minor values of n in a faster way when the values of s increases, 
concluding that for smaller s the gain in Rk is further available with more test 
samples; 
- by varying the hypothetical number of samples for m' and therefore the 
uncertainty related to this parameter (Figure A.2b) it is observed that, for 
even small increases of this parameter n' the gain in Rk is high for small 
numbers of n. Nevertheless, for higher numbers of n the importance of n' is 
less significant because n'' = n' + n; 
- when varying the value of the coefficient of variation for the standard 
deviation of the prior information (Figure A.2c) it is noticed, that no 
significant changes were caused to the Rk versus n graph; 
- for different levels of n' the importance of m' (Figures A.2d, e, f) was 
observed to be higher for lower levels of n, but as seen before the relation 
n'' = n' + n leads to smaller influence of n' as n increases. This also results in 
a smaller influence of m' as the influence of n' decreases. 
The main conclusion is that an increase on the number of test samples or a decrease 
on the uncertainty related to either or both prior and new information will eventually lead 
0
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to similar results. Therefore, both ways must be compared in terms of effectiveness and 
cost optimization in order to obtain a more adequate procedure for data updating. 
  
s = i:5; ii:10; iii:15; iv:20; v:25 (kN) n’ = i:20; ii:10; iii:5; iv:0 (observations) 
a) b) 
 
 
COV(σ) = i:15; ii:25; iii:35 (%) m’ = i:90; ii:85; iii:80; iv:75; v:70 (kN) 
c) d) 
  
m’ = i:90; ii:85; iii:80; iv:75; v:70 (kN) m’ = i:90; ii:85; iii:80; iv:75; v:70 (kN) 
e) f) 
Figure A.2: Results for multi-parameter analysis regarding characteristic resistance Rk 
versus number of test samples n. 
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Also the observation of this example might prove its importance when considering a 
quality control scheme. As stated in JCSS (1996), the Eurocode 0, Annex D (CEN, 2002) 
provides an estimation of the characteristic value of a batch, given that the batch passes a 
certain quality control procedure, which may be in most cases too conservative. The reason 
for this statement is found when considering that, due to continuous quality controls, prior 
information is well defined and also the producer aims at a very small fraction of rejected 
batches. So, as previously mentioned, a better definition of the prior knowledge of the 
production characteristic allows increasing the characteristic resistance value. 
The above updating procedure is straightforward when prior information is fully or 
well known. Nevertheless, this is not always the most common situation and many times 
only vague or scarce information is available. When standard deviation σ is known but 
vague prior information is offered, the parameters are given as: 
- n' = 0; 
- ν' = ∞; 
- m' = not relevant; 
- s' = σ. 
Considering n observations with mean value m the updating parameters become: 
- n'' = n; 
- ν'' = ∞; 
- m'' = m; 
- s''
2
 = σ2. 
With this procedure, and taking into account Equation 2.29, the predictive value of 
the resistance R is now given by: 






+−=
∞
n
tmf 11R σ  (A.13) 
where t∞ has a central t-distribution with corresponding value of ν'' = ∞. 
When standard deviation σ is also unknown and vague prior information is offered, 
the parameters are given as: 
- n' = 0; 
- ν' = 0; 
- m' = not relevant; 
- s' = not relevant. 
Considering n observations with mean value m and standard deviation s, the updating 
parameters become: 
- n'' = n; 
- ν'' = 1−n ; 
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- m'' = m; 
- s''
2
 =s
2
. 
With this procedure, and taking into account Equation 2.29, the predictive value of 
the resistance R is now given by: 






+−=
−
n
stmf 111nR  (A.14) 
where tn-1 has a central t-distribution with corresponding value of ν'' = 1−n . 
Although normal distributions are relatively easier to implement than other more 
complicated probability distributions, sometimes restraints or restrictions may make 
necessary the use of other distributions. Lognormal distributions are often associated to 
resistance models because no negative values are possible. The evaluation based on a 
lognormal distribution is in some occasions also simple. Considering the above example 
and a number of observations X with lognormal distribution, so that Y = ln(X) has a normal 
distribution. Then, for the case of vague prior information on the mean or, on both mean 
and standard deviation the updating scheme goes as follows, regarding that Y is defined by: 
( ) ∑
=
=
n
i
Y
n
Ym
1
i
1
 (A.15) 
( ) ( )( )∑
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−
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n
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 (A.16) 
with Yi = ln(Xi). 
Then the predictive function for a design value is stated as: 
( )( ) ( ) 



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




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

+=
n
YstYmX 11expexp dd ν  (A.17) 
where tνd has a central t-distribution with corresponding value of ν'' =νd. 
Although there is a useful number of distribution types of great importance for 
several reliability based structural reassessment, not all practical situations allow for an 
analytical solution. In this case, FORM techniques to integrate over the possible outcomes 
of the uncertain distribution parameters are possible, and by this, permitting to assess the 
predictive distribution (Madsen et al., 1986). 
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Annex C 
C. Probability distributions for engineering problems 
One of the most commonly used distribution in the engineering scope is the normal or 
Gaussian distribution. The PDF of the distribution can be expressed as: 
() = 1√2 exp  − 12 " − # $
% , −∞ <  < +∞ (C.1) 
where the mean µX and the standard deviation σX are the two parameters of the 
distribution, usually estimated from the available data. The corresponding CDF can be 
expressed as: 
(() = ) 1√2 exp  − 12 " − # $
%*+, - (C.2) 
This distribution is applicable for any value of a random variable from -∞ to +∞. It 
presents symmetry about the mean, and the mean, median and modal values are identical 
and can be estimated directly from the data. In order to estimate a given probability, 
instead of integrating CDF, it is often used a transformation of the original random variable 
to a standard normal variable with zero mean and unit standard deviation. 
In many engineering problems, a random variable cannot have negative values due to 
the physical aspects of the problem, such as when considering resistance properties. In 
order to eliminate the possibility of negative values the variable may be modelled by 
considering the natural logarithm of the variable X. When the natural logarithm of a 
random variable has a normal distribution, the underlying distribution is denominated 
lognormal. The PDF of a lognormal distribution is given by: 
() = 1√2ζ exp .−
12 /ln  − λζ 2
3 , 0 ≤  < +∞ (C.3) 
where λX and ζX are the two parameters of the lognormal distribution, which can be 
derived from the parameters of a normal distribution as: 
λ = ln # − 12 ζ  (C.4) 
and: 
ζ = ln  1 + "#$
% (C.5) 
This distribution is applicable for values between 0 and +∞. Its PDF is 
unsymmetrical, and thus its mean, median and modal values are expected to be different. 
Often, in engineering applications, the extreme values of random variables are of 
particular interest and importance since in these cases the largest or smallest values of 
random variables may dictate a particular design. In constructing an extreme value 
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distribution, an underlying random variable with a particular distribution is necessary. 
Therefore the underlying distribution of a variable governs the form of the corresponding 
extreme value distribution. 
Considering a random variable X with known distribution function, and n as a given 
number of samples from population X, then the extreme values of the sample, either the 
minimum value Y1 or the maximum value Yn are defined respectively as: 
6 = min(9, 9, … , 9;) (C.6) 
6; = max(9, 9, … , 9;) (C.7) 
where, different minimum and maximum values exist if different sets of samples of size n 
are considered for X. Then, a distribution function for these extreme values may be 
constructed if considering all these sets. The CDF of the smallest and largest values then 
become, respectively: 
=(6 > ?) = =(9 > ?,  9 > ?, . . . ,  9A > ?) = 1 − (BC(?) (C.8) =(6; ≤ ?) = =(9 ≤ ?,  9 ≤ ?, . . . ,  9A ≤ ?) = (BD(?) (C.9) 
which, for identically distributed and statistically independent variables of Xi may be given 
by: 
(BC(?) = 1 − E1 − ((?)FA (C.10) (BD(?) = E((?)FA (C.11) 
However, often the tails of the distribution present an unsymmetrical behaviour, 
evidencing an asymptotic distribution, where some approach a known mathematical 
distribution function. From these distributions the most well known and commonly used in 
engineering were classified by Gumbel as Type I, Type II and Type III extreme value 
distributions. Type I or also known as extreme value distribution is a distribution of 
maxima in sample sets converging from a population with an exponential tail (e.g. normal 
distribution). Type II is also a distribution of maxima in sample sets but converging from a 
population with a polynomial tail (e.g. lognormal distribution). Type III or also referred as 
Weibull distribution may be obtained by the convergence of most of the commonly known 
distributions that have a lower bound, thus used commonly for describing materials with 
fragile strength behaviour. Extreme distributions do not need to be treated any differently 
from other distributions and in the majority of cases, its parameters can be estimated with 
information about the mean and coefficient of variation. Attending to its applicability in 
engineering, Type I (Gumbel) and Type III (Weibull) extreme value distributions are 
further discussed, with especial attention for the right tail of the Gumbel distribution 
(maxima values) and left tail of the Weibull distribution (minima value). 
When considering the largest value of an initial variable X, the CDF for a Gumbel 
distribution is: 
(BD(?;) = expG−H+ID(JD+KD)L (C.12) 
The corresponding PDF is: 
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BD(?;) = M;H+ID(JD+KD)expG−H+ID(JD+KD)L, −∞ < ?; < +∞ (C.13) 
For both equations the parameters of the distribution are defined as un, which is the 
characteristic largest value of the initial variable X and αn, which is an inverse measure of 
dispersion of the largest value of X. These parameters are related to the mean, #BD, and 
standard deviation, BD, of Yn as: 
M; = 1√6 / BD2 (C.14) 
O; = #BD − PM; (C.15) 
where γ is the Euler-Mascheroni constant ≈ 0.5772. 
When considering the smaller value of an initial variable X, the CDF for a two-
parameter Weibull distribution is: 
(BC(?) = 1 − exp  − "?Q$
R% (C.16) 
The corresponding PDF is: 
BC(?) = SQ "?Q$
R+ exp  − "?Q$
R% , ? ≥ 0 (C.17) 
For both equations the parameters of the distribution are defined as w1, which is the 
characteristic smallest (also known as scale parameter) and k, which is the shape 
parameter. These parameters are related to the mean, #BC , and coefficient of 
variation, UVWBC, of Y1 as: 
#BC = QΓ "1 + 1S$ (C.18) 
UVWBC = X Γ Y1 +
2SZ
Γ Y1 + 1SZ − 1[
/
 
(C.19) 
where Γ( ) is the gamma function, such that Γ(n) = (n-1)! for all positive integers n. 
However, for practical applications when #BCand UVWBCare known, the distribution 
parameters may be approximated by: 
S = UVWBC +.]^ (C.20) 
and: 
Q = #BC
Γ Y1 + 1SZ (C.21) 
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Annex D 
D. Maximum Likelihood Method 
Description of method 
A possible way of defining the Maximum Likelihood method may be taken by the 
following premises (Köhler, 2007). Considering that the parameters θ = (θ1,..., θn)T of the 
distribution of X are known, the joint probability of a random sample X1, X2, ..., Xn can be 
written as: 
( ) ( ) ( ) ( ) ( )
( )θ
θθ
|
...|,...,,,...,,|
1
X
nnX22X11Xn21X2X1XX
i
i
n
xf
xfxfxfxxxfffxf
∏
=
=
===
 (D.1) 
However, it is often the contrary situation that is present in engineering applications, 
such that a sample 
n21 ˆ,...,ˆ,ˆ xxx is observed and the distribution parameters are unknown. In 
that sense, Equation D.1 can be understood as a relative measure for the likelihood that the 
distribution determined by the parameters θ is appropriate in the statistical definition of the 
sample xˆ. Along the full domain of all possible parameters θ the likelihood L(.) that the 
parameters belong to the sample is: 
( ) ( )θθ |ˆˆ,...,ˆ,ˆ|L
1
Xn21 i
n
i
xfxxx ∏
=
=  (D.2) 
The maximum likelihood estimates can be defined by the parameters θˆ  which 
maximize the likelihood function L(.) over the domain ofθ, thus being assumed as the most 
likely to represent the data sample, as: 
( )n21 ˆ,...,ˆ,ˆ|Lmax xxxθθ θ=  (D.3) 
The Maximum Likelihood Method besides being used to fit the statistical parameters 
in distribution functions can also be used to fit the parameters in linear and non-linear 
regression analysis (Sørensen, 2003). Also when considering a sample of results taken 
from tests a linear regression may be estimated including an uncertainty parameter or also 
called lack-of-fit parameter. 
For parameter estimation for linear regression lines, the following linear regression 
model in x1, ..., xm –space is considered: 
εααα ++++= mm110 ... xxy  (D.4) 
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where α0, α1, ..., αm are the regression parameters and ε models the lack-of-fit. ε is assumed 
to be Normal distributed with expected value 0 and standard deviation σε. 
It is assumed that n sets of observations or test results of (x,y) are available and 
denoted as: (x1, y1), ..., (xn, yn). The regression parameters are determined using a 
Maximum Likelihood method. The Likelihood function is written with xij being the j th 
coordinate of the i th observation: 
( ) ( )∏
=
++++==
m
i
ii xxyP
1
imm110m10 ...,...,,L εαααααα  (D.5) 
or, as in this case if it is used that ε is Normal distributed and σε is included as a parameter 
to be estimated, then it follows: 
( ) ( )∏
= 












 +++−
−=
m
i
ii xxy
1
2
imm110
m10
...
2
1
exp
2
1
,,...,,L
εε
ε σ
ααα
piσ
σααα  (D.6) 
The Log-Likelihood function becomes: 
( ) ( ) ( ) 2imm110
1
m10
...
2
12ln,,...,,Lln 




 +++−
−−= ∑
=
ε
εε σ
ααα
piσσααα
xxy
n ii
m
i
 (D.7) 
The optimal parameters are determined from the optimization problem: 
( )ε
σααα
σααα
ε
,,...,,Lln max m10
,,..., m1,0
 (D.8) 
  
Results 
The results of Phases 2 and 3, regarding bending MOE in sawn beams and boards, were 
fitted to different probability distributions by the Maximum Likelihood method. The 
estimates are presented from Table D.1 and D.2 for sawn beams, and from Table D.3 to 
D.4 for sawn boards. The 95% confidence intervals of each estimated parameter are also 
presented. The estimated maximum likelihood distributions for each case are also defined 
in terms of mean and coefficient of variation. 
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Table D.1: Maximum likelihood estimates for Em,l of sawn beams. 
Distribution Parameter 
Maximum 
Likelihood 
Estimate 
95% confidence interval Estimated distribution 
lower 
bound 
upper 
bound 
mean 
(N/mm2) 
COV 
(%) 
Normal 
µ: mean 10841 9557 12125 
10841 24.7 
σ: standard 
deviation 2674 2086 4007 
Lognormal 
µ: normal 
mean 
9.255 9.118 9.392 
10890 29.1 
σ: normal st. 
deviation 0.285 0.222 0.427 
Gumbel 
u: location 
parameter 12172 10901 13444 
10595 33.1 
α: scale 
parameter 2733 2015 3705 
Weibull 
w: scale 
parameter 11851 10682 13147 
10807 25.5 k: shape 
parameter 4.448 3.208 6.167 
 
 
 
Table D.2: Maximum likelihood estimates for Em,g of sawn beams. 
Distribution Parameter 
Maximum 
Likelihood 
Estimate 
95% confidence interval Estimated distribution 
lower 
bound 
upper 
bound 
mean 
(N/mm2) 
COV 
(%) 
Normal 
µ: mean 10940 9812 1832 
10940 21.5 
σ: standard 
deviation 2348 12067 3519 
Lognormal 
µ: normal 
mean 
9.277 9.172 9.381 
10943 22.0 
σ: normal st. 
deviation 0.218 0.170 0.326 
Gumbel 
u: location 
parameter 12140 11067 13213 
10809 27.4 
α: scale 
parameter 2306 1665 3195 
Weibull 
w: scale 
parameter 11897 10859 13035 
10934 22.6 k: shape 
parameter 5.082 3.633 7.108 
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Table D.3: Maximum likelihood estimates for Em,l of sawn boards. 
Distribution Parameter 
Maximum 
Likelihood 
Estimate 
95% confidence interval Estimated distribution 
lower 
bound 
upper 
bound 
mean 
(N/mm2) 
COV 
(%) 
Normal 
µ: mean 12910 12487 13332 
12910 30.4 
σ: standard 
deviation 3923 3653 4252 
Lognormal 
µ: normal 
mean 
9.410 9.372 9.449 
13019 36.9 
σ: normal st. 
deviation 0.358 0.333 0.388 
Gumbel 
u: location 
parameter 14878 14340 15417 
12139 50.1 
α: scale 
parameter 4745 4450 5060 
Weibull 
w: scale 
parameter 14289 13838 14754 
12860 31.5 k: shape 
parameter 3.517 3.252 3.804 
 
 
 
Table D.4: Maximum likelihood estimates for Em,g of sawn boards. 
Distribution Parameter 
Maximum 
Likelihood 
Estimate 
95% confidence interval Estimated distribution 
lower 
bound 
upper 
bound 
mean 
(N/mm2) 
COV 
(%) 
Normal 
µ: mean 11661 11375 11946 
11661 22.8 
σ: standard 
deviation 2654 2471 2877 
Lognormal 
µ: normal 
mean 
9.329 9.297 9.361 
11765 30.4 
σ: normal st. 
deviation 0.298 0.277 0.323 
Gumbel 
u: location 
parameter 12893 12640 13146 
11603 24.7 
α: scale 
parameter 2235 2062 2422 
Weibull 
w: scale 
parameter 12651 12386 12922 
11654 21.7 k: shape 
parameter 5.290 4.854 5.765 
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Annex E 
E. χ2 goodness-of-fit tests 
Description of method 
The χ2 goodness-of-fit test is performed by grouping the data into bins, calculating the 
observed and expected frequency for those bins, and computing the χ2 test statistic, as 
follows: 
( )∑
=
−=
k
i
iii EEO
1
22χ  (E.1) 
where O is the observed frequency and E is the expected frequency. The expected 
frequency is calculated by: 
( ) ( )( )lu YFYFNE i −=   (E.2) 
where F( ) is the CDF for the distribution being tested, Yu is the upper limit for class i, Yl is 
the lower limit for class i, and N is the sample size. This test statistic has an approximate χ2 
distribution when the frequencies are sufficiently large, with (k - c) degrees of freedom 
where k is the number of non-empty cells (number of bins) and c is the number of 
estimated parameters (including location, scale and shape parameters) for the distribution 
plus 1. Therefore, the hypothesis that the data are from a population with the specified 
distribution is rejected if: 
2
,1
2
ck−−> αχχ  (E.3) 
where 2
,1 ck−−αχ  is the 
2χ
 critical value with ( ck − ) degrees of freedom and significance 
level α. 
Choice of number of groups (therefore, the bins width) for goodness-of-fit tests is 
important, but only rules based on experience are often given (since the optimal bin width 
depends on the distribution). For this analysis, bins in either tail with an expected count 
less than 5 are pooled with neighbouring bins until the count in each extreme bin is at least 
5. When bins in the interior have less than 5 data points, fewer bins were used. By default 
10 bins were considered and a significance level of 2.5% was chosen for this study. Due to 
the limited sample size of the sample for MOE in sawn beams, the χ2 goodness-of-fit tests 
were made exclusively for the data derived from the bending tests in sawn boards. 
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Results 
The χ2 goodness-of-fit tests for the MOE of sawn boards with respect to different 
probabilistic functions with parameters obtained by method of moments (MM) and 
maximum likelihood estimates (MLE) is presented in Table E.1. 
Table E.1: χ2 goodness-of-fit tests for the experimental MOE of sawn boards sample 
data with respect to different probabilistic functions (α = 2.5%). 
Data Distribution 
parameters 
Distribution (*) 
Normal Lognormal Gumbel Weibull 
Em,l (sawn 
boards) 
MM 
H0 
(0.0302) 
H1 
(2.104 × 10-6) 
H1 
(0.0141) 
H1 
(0.0089) 
MLE 
H0 
(0.0310) 
H1 
(4.663 × 10-10) 
H1 
(2.200 × 10-14) 
H1 
(0.0039) 
Em,g (sawn 
boards) 
MM 
H1 
(8.588 × 10-5) 
H1 
(3.083 × 10-14) 
H0 
(0.3917) 
H1 
(0.0084) 
MLE 
H1 
(8.665 × 10-5) 
H1 
(5.734 × 10-20) 
H0 
(0.2860) 
H0 
(0.0477) 
MM: method of moments corresponding to the statistical parameters of the experimental data; 
MLE: maximum likelihood estimates; 
H0: null hypothesis; 
H1: alternative hypothesis; 
(*) value in brackets is the p-value: probability of observing the given result, or one more extreme, by chance 
if the null hypothesis is true. If p-value < α the H0 is rejected. 
The χ2 goodness-of-fit tests for the MOE of sawn boards in each separate visual class 
with respect to different probabilistic functions with parameters obtained by method of 
moments and maximum likelihood estimates are presented in Table E.2 for Em,l and in 
Table E.3 for Em,g. 
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Table E.2: χ2 goodness-of-fit tests for the experimental Em,l of sawn boards sample data 
divided into different visual inspection classes, with respect to different 
probabilistic functions (α = 2.5%). 
Data Distribution 
parameters 
Distribution (*) 
Normal Lognormal Gumbel Weibull 
Em,l (sawn 
boards): 
class I 
MM 
H0 
(0.4575) 
H0 
(0.1324) 
H1 
(0.0012) 
H0 
(0.1834) 
MLE 
H0 
(0.4713) 
H0 
(0.0340) 
H1 
(1.899 × 10-12) 
H1 
(0.0211) 
Em,l (sawn 
boards): 
class II 
MM 
H0 
(0.3592) 
H0 
(0.0931) 
H0 
(0.5065) 
H0 
(0.4285) 
MLE 
H0 
(0.3635) 
H1 
(0.0224) 
H0 
(0.5672) 
H0 
(0.4683) 
Em,l (sawn 
boards): 
class III 
MM 
H0 
(0.2069) 
H0 
(0.0561) 
H0 
(0.1650) 
H0 
(0.1987) 
MLE 
H0 
(0.2042) 
H0 
(0.1043) 
H0 
(0.1026) 
H0 
(0.2045) 
Em,l (sawn 
boards): 
class NC 
(**) 
MM 
H0 
(0.9702) 
H0 
(0.6059) 
H0 
(0.5431) 
H0 
(0.9889) 
MLE 
H0 
(0.9673) 
H0 
(0.7022) 
H0 
(0.5726) 
H0 
(0.9885) 
MM: method of moments corresponding to the statistical parameters of the experimental data; 
MLE: maximum likelihood estimates; 
H0: null hypothesis; 
H1: alternative hypothesis; 
(*) value in brackets is the p-value: probability of observing the given result, or one more extreme, by chance 
if the null hypothesis is true. If p-value < α the H0 is rejected. 
(**) Minimum value of the expected count in the tails bin was considered to be 3 regarding the large 
variation of values. 
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Table E.3: χ2 goodness-of-fit tests for the experimental Em,g of sawn boards sample data 
divided into different visual inspection classes, with respect to different 
probabilistic functions (α = 2.5%). 
 
Data Distribution parameters 
Distribution (*) 
Normal Lognormal Gumbel Weibull 
Em,g (sawn 
boards): 
class I 
MM 
H1 
(0.0191) 
H1 
(3.999 × 10-5) 
H0 
(0.5038) 
H0 
(0.1735) 
MLE 
H1 
(0.0201) 
H0 
(2.011 × 10-10) 
H0 
(0.1426) 
H0 
(0.4623) 
Em,g (sawn 
boards): 
class II 
MM 
H0 
(0.1616) 
H0 
(0.0549) 
H0 
(0.3700) 
H0 
(0.2355) 
MLE 
H0 
(0.1676) 
H1 
(0.0167) 
H0 
(0.3286) 
H0 
(0.3222) 
Em,g (sawn 
boards): 
class III 
MM 
H0 
(0.7170) 
H0 
(0.2983) 
H0 
(0.8696) 
H0 
(0.8299) 
MLE 
H0 
(0.7060) 
H0 
(0.2521) 
H0 
(0.8875) 
H0 
(0.7902) 
Em,g (sawn 
boards): 
class NC 
(**) 
MM 
H0 
(0.4126) 
H0 
(0.7834) 
H0 
(0.0614) 
H0 
(0.3554) 
MLE 
H0 
(0.4222) 
H0 
(0.1652) 
H0 
(0.0626) 
H0 
(0.3659) 
MM: method of moments corresponding to the statistical parameters of the experimental data; 
MLE: maximum likelihood estimates; 
H0: null hypothesis; 
H1: alternative hypothesis; 
(*) value in brackets is the p-value: probability of observing the given result, or one more extreme, by chance 
if the null hypothesis is true. If p-value < α the H0 is rejected. 
(**) Minimum value of the expected count in the tails bin was considered to be 3 regarding the large 
variation of values. 
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Annex F 
F. Decay modelling 
The evolution of decay along time has been studied regarding the possibility of using 
models that may predict timber performance in a quantitative and probabilistic format 
(Leicester, 2001; Wang et al., 2008a; Leicester et al., 2009). The decay models are 
assumed as bi-parametrical idealized models given by a bilinear function (Figure F.1a). 
The two parameters are tlag (year) corresponding to the time before noticeable decay 
commences and r (mm/year) corresponding to an annual decay penetration rate depending 
on climate, durability and structural conditions of the timber element. On those models, it 
is assumed that non-decayed wood suffers no strength loss and that the transition zone is a 
narrow band, which can be lumped on a decay front along the longitudinal axis of the 
structural members and within the cross section (Figure F.1b). 
As example of decay models, Wang et al. (2008a) researched about timber poles 
in-ground in Australian soil and subjected to fungi attack, where first order probability 
theories were used, and gave the following relations to define the decay parameters: 
4.0
ingrlag 3
−
⋅= rt
 (F.1) 
wood_ingrgrclimate_iningr kkr ⋅=
 
(F.2) 
where kclimate_ingr is a climate parameter, kwood_ingr is a wood durability parameter and 
ringr (mm/year) corresponds to the annual decay penetration rate for in-ground timber 
elements. Considering a probabilistic analysis, the decay penetration rate parameter is 
modelled by a lognormal distributed stochastic variable with a COV between 0.85 and 1.2 
depending on the timber durability class and climatic conditions (Wang et al., 2008a). The 
tlag parameter is defined as function of the penetration rate (Wang et al., 2008a; Nguyen et 
al., 2008). 
Other decay models based on observation could also be used, with due care 
regarding the reliability of information and amount of data. In Leicester et al. (2009), the 
previous model was extended and calibrated for the design of exposed timber members of 
common wood species and exposed to the Australia climate. The extended model 
permitted to consider the size and orientation of the cross section, the presence of 
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connectors and existence of painting. Moreover, it also permitted to obtain different 
penetration rates for each side of the element. To that aim, the following relations for the 
decay parameters were proposed: 
85.0
lag 5.8 −⋅= rt  (F.3) 
pgnwtwoodclimate kkkkkkkr ⋅⋅⋅⋅⋅⋅=  (F.4) 
where kclimate is a climate parameter, kwood is a wood durability parameter, kt is a thickness 
parameter, kw is a width parameter, kn is a connector parameter, kg is a geometry parameter 
and kp is a paint parameter. 
 
a) b) 
Figure F.1: Progress of decay: a) idealized model (adapted from Leicester (2001)); 
b) damage penetration on a decayed cross section. 
Annual decay penetration rates calibrated with existing timber members above 
ground, using onsite inspection and NDT, are proposed in Lourenço et al. (2013) and 
Brites et al. (2013) for roof elements made of pine timber, and in Sousa et al. (in press_a) 
for chestnut floor beams in Northern Portugal. Here, to assess the decay evolution in the 
timber members, it was assumed that decay was regularly spread along the perimeter of the 
cross section progressing to the core of the element. 
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